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I. INTRODUCTION 

Titanium a l loys  a r e  a t t r a c t i v e  f o r  cons t ruc t ion  of LOX/LH2 con ta ine r s  

f o r  space vehic le  systems because of t h e i r  high s t r e n g t h  t o  weight r a t i o s  a t  

cryogenic temperatures.  

Considerat ion of t h e  physical  and chemical p r o p e r t i e s  of t i tanium i n d i c a t e  

t h a t  i t  should be more r e a c t i v e  t o  oxygen than most o t h e r  metals,  inc luding  

aluminum and s t e e l .  I t s  lower s p e c i f i c  hea t  r e s u l t s  i n  a  higher temperature 

per u n i t  h e a t  input  and i t s  lower thermal conduct ivi ty makesheat d i s s i p a t i o n  

more d i f f i c u l t .  I n  a d d i t i o n ,  t i tan ium has  a  r e l a t i v e l y  low i g n i t i o n  tempera- 

t u r e  i n  oxygen. Thus, one would expect t h a t  it should be considerably easier 

D t o  i n i t i a t e  a  r eac t ion  of oxygen wi th  t i t an ium than wi th  aluminum o r  s t e e l .  

Another f a c t o r  s t rengthening  t h i s  judgement i s  the ro lubi l . i ty  of 02 and Ti02 

i n  t i t an ium wbich r e s u l t s  i n  d i s s o l u t i o n  of p ro tec t ive  su r face  oxide f i l m s  

i n  the  h igh  temperature o r  molten metal.  

This  study was undertaken to  develop information on which a  knowledgeable 

dec is ion  could be based concerning the  use of t i tanium f o r  cons t ruc t ion  of t h i n  

walled LOX tanks. The primary goals  were t o  inves t iga t e  the  r eac t ions  of  

t i tan ium a l l o y s  with oxygen under a  v a r i e t y  of condi t ions  assoc ia ted  wi th  

space v e h i c l e s ,  and t o  determine i f  the t i tanium could be t r ea t ed  or  coated 

m some fashion  t o  e l imina te  such hazards.  



This l i t e r a t u r e  review was r e s t r i c t e d  t o  labora tory  and s e r v i c e  

experiences with t i tan ibm i n  oxygen systems. 

A. REACTION WITH FLOWING LOX" 

I n  1959, Aerojet-General (1,2) designed a  t e s t  t o  s imulate  a c t u a l  

condi t ions  of LOX flow through a  s t a i n l e s s  s t e e l  loop containing a  2-112 

f o o t  s ec t ion  of 3116-inch-wall 2-112-inch-ID-Titanijm-75A tubing. The 

i n t e n t  was t o  lmpact the t i tanium sec t ion  by a  drop-weight method. Before 

t h e  system was completely instrumented and while the  system was unattended, 

a  r e a c t i o n  took p lace  t h a t  destroyed p a r t  of the  system, some burning of 

both t i tanium and s t a i n l e s s  s t e e l  occurr ing.  The cause of t h i s  r e a c t i o n  could 

mt  be es tab l i shed ,  because of the  many va r i ab le s .  However, LOX was flowing 

a t  t h e  time, and the pressure of the  system was approximatelx 700 p s i .  4 

*Much of the information i n  t h i s  s e c t i o n  was obtained from a  l i t e r a t u r e  

survey reported i n  WADD Tech. Report No. 60-258, "A Study of the Titanium 

Liquid Oxygen Pyrophoric Reaction," 1960. Numbers i n  supe r sc r ip t  parentheses 

d e l i n e a t e  the r e fe rences  appended t o  t h i s  r epor t .  



B. PRESSURE BOTTLE FAILURE 

I n  1959, ~ o c k e t d ~ n e ( ~ )  exper ienced  a  f a i l u r e  o f  a 24-inch '' p r e s s u r e  b o t t l e  c o n s t r u c t e d  of Ti-6A1-4". The v e s s e l  p r e v i o u s l y  had been 

h y d r a u l i c a l l y  t e s t e d  t o  5000 p s i ,  d r i e d ,  degreased i n  t r i c h l o r o e t h y l e n e ,  

and t h e n  cycled s e v e r a l  t imes w i t h  LOX t o  4500 p s i .  A v i o l e n t  r e a c t i o n  

o c c u r r e d  a f t e r  LOX a g a i n  was added. Burning of some of t h e  f r a c t u r e d  edges  

o c c u r r e d ,  but  i n d i c a t i o n s  were t h a t  t h i s  began a f t e r  t h e  tank exploded.  

Some burn ing  took p l a c e  a l s o  a t  a  b o s s  and a t  weld a r e a s  t h a t  were n o t  

f r a c t u r e d .  I t  was concluded t h a t  t h e  most probable  c a u s e  o f . f a i l u r e  was 

a  r e a c t i o n  of oxygen w i t h  contaminant i n  the  boss  a r e a .  For example, 

smal l  amounts of con tamina t ion  s i m i l a r  t o  t h a t  found i n  the  t r i c h l o r o e t h y l e n e  

used f o r  f l u s h i n g  were found on the  t h r e a d s  of the  b o s s .  It is a l s o  p o s s i b l e  

4 b t h a t  t h e  p r e s s u r e  v e n t  c l o s e d  a c c i d e n t a l l y .  However, t h i s  should o n l y  have 

r e s u l t e d  i n  a  p r e s s u r e  of approximately  750 p s i  which would n o t  have caused 

f a i l u r e  of t h e  b o t t l e .  S i n  e  t h e  ev idence  was n o t  c o n c l u s i v e ,  the  e x a c t  

cause  o f  f a i l u r e  was n o t  e s t a b l i s h e d  

S t a n f o r d  Research I n s t i t u t e  r e p o r t e d  t h a t  when t i t a n i u m  c a p s u l e s  

c o n t a i n i n g  high p r e s s u r e  oxygen (500 p s i a )  were r u p t u r e d ,  the  metal  i g n i t e d  

even though the  o r i g i n a l  s u r f a c e  had been p rev ious ly  o x i d i z e d .  ( 4 )  An e x p l o s i v e  

shock wave, i n h e r e n t  i n  t h i s  t e s t ,  may have been a  c o n t r i b u t i n g  f a c t o r .  



C.  RUPTURE OF TITANIUM I N  LOX 

Four i n v e s t i g a t o r s  h a ~ e  e o o r t e d  r e a c t i o n s  between t i t a n i u m  and 

LOX on t e n s i l e  o r  s t r e s s  r u p t u r e .  

1. Menasco Manufactur ing Company made s t r e s s  r u p t u r e  t e s t s  w i t h  

1 /4 - inch  round t e n s i l e  b a r s  of 4340 s t e e l ,  304 s t a i n l e s s  s t e e l ,  7075 

aluminum, and Ti-6A1-4V. ( 5 > 6 ) .  The t i t a n i u m  specimens were  machined and 

then degreased  i n  a c e t o n e ;  t h e  s t e e l  . ~ d  aluminum specimens  were g r i t  b l a s t e d ,  

water r i n s e d ,  and then degreased i n  a c e t o n e .  A s t a i c l e s s  s t e e l  c y l i n d e r  was 

s i l v e r  s o l d e r e d  t o  the  specimen g r i p  t o  c o n t a i n  t h e  LOX. A f t e r  c o o l i n g  t o  

LOX tempera tu re ,  t h e  specimen was p u l l e d  a t  about  O.Cl5-inch per  inch  p e r  

minute i n  a  s t a n d a r d  u n i v e r s a l  t e s t i n g  machine.  Each m a t e r i a l  was p u l l e d  

under LOX; one specimen o f  TI-6~l1-4V a l s o  was p u l l e d  i n  t h e  vapor phase 

j u s t  above the LOX. 

Only t h e  t i t a n i u m  specimen p u l l e d  i n  LOX r e a c t e d ,  wi th  b u r n i n g  

o c c u r r i n g  a t  the f r a c t u r e d  e n d s ,  and t o  a  l e s s e r  e x t e n t  a t  t h e  threaded e n d s .  

2 .  The Mar t in  Company a l s o  i n v e s t i g a t e d  t h e  t e n s i l e  r u p t u r i n g  

of t i t a n i u m  specimens (0.063 by 318 inch)  under LOX u s i n g  a  scandard u n i v e r s a l  

t e s t i n g  machine.(6) A s m a l l  f l a s h  01 l i g h t  occurred a t  f a i l u r e  of e v e r y  

specimen a t  s t r a i n  r a t e s  i n  t h e  range of 4  t o  100 i n c h e s  p e r  inch p e r  

minute b u t  no burning of t h e  f r a c t u r e d  f a c e  was r e p o r t e d .  

3 .  Aero je t -Genera l  f r a c t u r e d  t e n  end-suppor ted t i t a n i u m  specimens 

i n  LOX. One i g n i t i o n  was r e p o r t e d .  

4 .  B a t t e l l e  Memorial I n s t i t u t e  made s t r e s s  r u p t u r e  t e s t s  on Ti-6A1-4V 

i n  LOX. 
(7) 

L i g h t  f l a s h e s  occurred a t  t h e  f r a c t u r e ,  and b u r n t  s p o t s  were a l m o s t  

always p r e s e n t  a t  suppor t  l o c a t i o n s .  
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d l )  
On the  other  hand, Titanium Metals Corporation of America ruptured  a  

small p iece  of Ti-6A1-4V under LOX i n  conjunction wi th  a  program on t h e  
c 
0 

r e s i s t a n c e  of t i t an ium t o  gaseous and l i q u i d  f luo r ine .  c8) Oxygen was con- 

densed i n  a  pressure bomb by l i q u i d  n i t rogen ,  and t h e  specimen was p u l l e d  

apa r t .  No reac t ion  was observed, and t h e  f r e sh ly  ruptured  sur face  was 

b r i g h t .  

D. EFFECT OF BULLET PUNCTURE 

The Bendix Corporation f i r e d  a  ca l ibe r  .50 incendiary b u l l e t  i n t o  

a  titanium-LOX tank. ( 9 )  A huge f l a s h  was observed and a v i o l e n t  r e a c t i o n  

occurred,  r e s u l t i n g  i n  fragmentation of  the vesse l .  Fusion and burning 

were noted on the  f r a c t u r e  faces  of some of the p i eces .  Similar tanks of 

type 304L s t a i n l e s s  s t e e l  apparent ly f a i l e d  t o  r e a c t  and did not  s h a t t e r  

unless  they were f a u l t y  o r  had de fec t s  a t  the g r a i n  boundaries. 

1 E. GALLING OR FRICTIONAL REACTIONS 

1. The Mart in Company conducted t e s t s  on g a l l i n g  e f f e c t s  by r o t a t i n g  

the end of a  s t a i n l e s s  s t e e l  rod on a  t i tanium specimen i n  an aluminum cup 

f i l l e d  wi th  LOX. (6) The rod was mounted i n  a  d r i l l  p r e s s  and operated a t  

pe r iphe ra l  speeds of up t o  40 inches per  second (200 f e e t  per minute) and 

pressures  up t o  1600 p s i .  The r e a c t i o n ,  a s  indica ted  by the i n t e n s i t y  of a  

l i g h t  f l a s h ,  increased with increase i n  speed and/or pressure.  The temper- 

0 a t u r e  generated was est imated t o  be about 1000 F, a s  observed from the 

color  of the s t a i n l e s s  s t e e l  rod. 

2 .  Battelle Memorial I n s t i t u t e  repor ted  r e a c t i o n s  upon r o t a t i n g  

Ti-6A1-4V or  Ti-75A a l l o y s  on s t a i n l e s s  s t e e l  i n  LOX, a s  evidenced by b r i l l i a n t  

f l a s h e s  of  l i g h t  and burn t  spots  on p o s t  examination. (7) 



F. REACTION IN FLOWING GASEOUS OXYGEN 

Bendix  viat ti on(^) investigated the effect of passing gaseous 

oxygen at high velocity through a titanium orifice. A freshly prepared 

titanium orifice was made by quickly drilling a hole with a dull drill 

to form a large burr. The burr was forced back into the hole and high- 

pressure oxygen was forced through. In one instance, ignition occurred, 

but the reaction could not be duplicated. 

G. REACTIONS EN GASEOUS AND OXYGEN CONTAINING MIXTURES 

1. The Stanford Research Institute investigated the reactions of 

titanium and oxygen-containing atmospheres. (lo) A freshly formed titanium 

surface reacted rapidly with oxygen, and the energy released bn this 

reaction resulted in ignition of the titanium sample, which then continued 

to burn until either the metal was consumed or the supply of oxygen was 

exhausted. Under static conditions at room temperature, at least 350 psi 

of 100 percent oxygen was necessary to initiate the reaction, whereas, 

k'th 45 percent by volume of oxygen, a pressure of 2000 psi was required. 

Under dynamic conditions, as in the case of a ruptured pressure disc, much 

less stringent conditions were needed. With pure oxygen, 50 psi pressure 

would initiate the reaction. Once the res tion began, it would propagate 

at high pressures with as little as 2 percent oxygen in steam. About 10 per- 

cent oxygen was required for propagation at atmosphere pressure. 

2. Battelle Memorial Institute investigated the effect of low 

temperature on the ignition of titanium in gaseous oxygen. (11) At room 

temperature, titanium 75A alloy required 75 psi of oxygen to initiate reaction 

upon the freshly formed metal surfact (by tensile testing). With the same 4 I 
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a l l o y  and tes: condi t ions ,  but a t  -123.3'~ (-190°c), 100 p s i  of oxygen were 

necessary fo r  r e a c t i o n .  Similar t e s t s  with the Ti-6A1-4V a l loy  showed 

0 
100 p s i  necessary a t  room temperature and 125 p s i  a t  -123.3 C (-190'~). 

H. MISCELLANEOUS 

Jackson, e t  a l . ,  reported some s tud ie s  on minimizing the r e a c t i o n  of 

t i tan ium and oxygen under rupture condi t ions  by gaseous addi t ions  and by 

coat ings .  (I1) Two percent  W,  or  f i v e  percent argon, z-:ys?ch t i .  - W  ;s. ,~,id 

p res su re  f o r  r eac t ion  of  Ti-75A a l l o y  from 75 t o  200 ps ig .  Fluorine 

add i t ions  increased t h e  r e a c t i v i t y .  

'Ityo coat ings were t r i e d ;  one produced by a  fluoride-phosphate 

t rea tment ,  and another of aluminum (by vapor decomposition from t r i - i s o b u t y l  

aluminum). Neither coa t ing  decreased the r e a c t i v i t y  upon t e n s i l e  r u p t u r e  i n  

pressur ized  oxygen. Very l imited t e s t s  indicated t h a t  the fluoride-phosphate 

t reatment  might a f fo rd  some reduct ion,  but  not e l imina t ion  of the impact 

s e n s i t i v i t y  i n  LOX. Only one aluminum coated sample was impact t e s t e d  i n  LOX, 

x i t h  no r eac t ion  occurr ing .  

While i t  may be t rue  t h a t  the causat ive f a c t o r  i n  some of the  adverse 

inc iden t s  described above cannot be ascr ibed  a e f i n i t e l y  t o  chemical r e a c t i v i t y  

of t i t an ium and LOX, and i n  some cases the titaniumIL0X reac t ions  was a  pos t -  

f a i l u r e  phenomenon, c a r e f u l  a t t e n t i o n  t o  the l i t e r a t u r e  ava i l ab le  a t  the  

beginning of t h i s  pr3gram seemed to  j u s t i f y  extreme cau t ion  i n  cons ider ing  

t i t an ium f o r  use i n  LOX systems. 
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111. IMPACT SENSITIVITY 

This  o r g a n i z a t i o n  p robab ly  was t h e  f i r s t  t o  n o t e  t h e  impact s e n s i t i v i t y  a 
of t i t a n i u m  i n  c o n t a c t  w i t h  LOX. I n  A p r i l ,  1957, r e s u l t s  o f  p r e l i m i n a r y  t e s t s  

i n d i c a t e d  t h a t  t i t a n i u m  125A a l l o y  d i d  n o t  s a t i s f y  t h e  u s u a l  c r i t e r i a  f o r  u s e  

i n  LOX systems.  Since  t h a t  t ime,  s e v e r a l  o t h e r  a l l o y s  have been t e s t e d  and 

found s e n s i t i v e .  

A t  MSFC. a l l  m a t e r i a l s  t o  be used i n  LOX systems a r e  e v a l u a t e d  f o r  

c o m p a t i b i l i t y  by t h e  impact  s e n s i t i v i t y  method d e s c r i b e d  i n  s e v e r a l  r e p o r t s  (12,13,14) 

and s p e c i f i e d  i n  MSFC-SPEC-106, "Tes t ing  C o m p a t i b i l i t y  o f  M a t e r i a l s  f o r  L i q l ~ i d  

Oxygen Systems." M a t e r i a l s  a r e  c l a s s e d  i n  t h r e e  c a t e g o r i e s .  Acceptable  m a t e r i a l s  

must produce no r e a c t i o n s ,  o r  " f i r e s , "  i n  twenty i n d i v i d u a l  t r i a l s ,  o r  no  more 

than one i n  60 t r i a l s  a t  a n  impact energy of  10 K@? d e l i v e r e d  by a  20 pound 

plummet through a  112-inch diameter  s t r i k e r  p i n .  I n  t h e  l a t t e r  c a s e ,  t h e  

maximum a l l o w a b l e  f requency  of r e a c t i o n s  a t  10 KgM i s  1 . 6  p e r c e n t .  M a t e r i a l s  . 4  
which p r o d u c t  r e a c t i o n s  a t  t h i s  l e v e l ,  b u t  n o t  a t  h a l f  t h c  impact ene rgy  (5 K g H ) ,  

a r e  c l a s s e d  a s  " c o n d i t i o n a l . "  Such m a t e r i a l s  may g e n e r a l l y  be used i n  i n d i r e c t  

a p p l i c a t i o n s  i n  LOX systems where t h e  p o s s i b i l i t y  of c o T t a c t  w i t h  oxygen i s  remote. 

Those m a t e r i a l s  which a r e  s e n s i t i v e  a t  5 KgM impact forcii  a r e  c l a s s e d  a s  

" u n s a t i s f a c t o r y "  and n o t  recommended f o r  any a p p l i c a t i c , a s  i n  o r  nea r  LOX 

systems.  A l l  of t h e  impact s e n s i t i v i t y  t e s t s  d e s c r i b e d  i n  t h i s  r e p o r t  were  made 

i n  s t r i c t  accordance w i t h  MSFC-SPEC-106. 

i A t  l e a s t  s i x  o t h e r  i n v e s t i g a t o r s  have s i n c e  r e p o r t e d  t h a t  t i t a n i u m  a l l o y s  

~ a r e  s e n s i t i v e  t o  impact i n  LOX. These i n c l u d e :  

Aero je t -Genera l  Corpora t ion  
Ba t t e l l eMemor ia l  I n s t i t u t e  
Genera l  Dynamics /Astronsut ics  
M a r t i n  Company 
Reac t ion  Motors ,  I n c .  
WADD 

I * 1 KgM = 7 . 2  f t - l b s .  



A. COMPARATIVE SENSITIVITY OF TITAi3I'JM AIW OTHER MATERIALS 

The impact sensitivity of various materials and titanium alloys are 

shown for comparative purposes in Table 1. The sensitivity of "conditional" 

materials 1s shown graphically in FIG 1. The frequency of reactions between 

those materials and LOX is generally below 33 percent at 10 KgM. 

The impact sensitivity of titanium alloys and several others of 

comparable reactivity is depicted in FIG 2. With these materials, the 

reaccion frequency at 10 KgM generally ranges from 20 to 75 percent. FIG 2 

clearly shows that, based upon the most widely accepted method for evaluating 

the compatibility of materials in LOX (impact sensitivity), titanium alloys 

provide essentially the same degree of hazard risk as such materials as Xylon, 

I Buna-N, Rectorseal, Styrofoam, cotton, and polyethylene. It is understood 

that several years ago an explosion which caused the death of two employees, 

and severely burned four mnre, was traced to use of Buna-N and Kylon in a LOX 

system. 

More detailed comparison of the LOX impact sensitivity of titanium 

with that of aluminum and steel alloys commonly used for space vehicle tank 

and skin construction are shown in Table 2. Only the titanium alloy was re- 

active in these tests. The typical appearance of titanium specimens before 

and after impacting in contact with LOX is shown in FIG 3. 

Tests also were made to study the behavior of the different natzrials 

under repeated impacting of the same sample at a relatively low inpact energy. 

In a set of 100 samples of 5A1-2.5Sn (0.010 inch thick) subjected to 3 Kg;Y 

impact energies, the following results were obtained: 



Number of Reactions on F i r s t  Impact - 11 
Number of Reactions on Second Impact - 60 
Number of Reactions on Third Impact - 26 
Number of Reactions on Fourth Impact - 2 
Number of Reactions on F i f t h  Impact - - 1 

'Total  100 . 
The average number of impacts requi red  f o r  r e a c t i o n  was 2.2. 

'Itro samples each of 0.010 inch s t a i n l e s s  s t e e l  (type 301) and 

aluminum (type 2014-T6) were s imi l a r ly  t e s t ed .  No r e a c t i o n s  occurred i n  

50 r e p e t i t i v e  impacts on any of the four samples. 

B. NATURE OF IMPACTING SURFACES 

FIG 4 shows the d e t a i l s  of the s t r i k e r  p in ,  sample cup, ana sample 

placement f o r  the impact s e n s i t i v i t y  t e s t e r .  Because i t  was suspected 

t h a t  the var ious  metal combinations present  therei,? might have introduced 

spurious e f f e c t s ,  such a s  d i f f e r e n t  hardnesses and/or electromotive p o t e n t i a l  

couples, t e s t s  were made iri which the compositions of the s t r i k e r  p ins ,  

sample cups, and samples were interchanged. The r e s u l t s  l i s t e d  i n  Table 3 . 
showed t h a t  appreciable r e a c t i v i t y  occurred only when t i tan ium was present .  

Thus, i t  was concluded t h a t  the nature of t h e  matmg su r faces  d id  not  

s i g n i f i c a n t l y  a f f e c t  the impact s e n s i t i v i t y  of t i tanium i n  LOX. 

C. EFFECT OF VARIOUS TITANIUM ALLOYS 

Data on the impact s e n s i t i v i t y  of four common t i t an ium a l loys  a r e  

presented i n  Table 4 and FIG 5 .  A l l  have an impact i n s e n s i t i v i t y  l e v e l  

i n  the same range, i . e . ,  1-3 KgM. The r e a c t i o n  frequency of the 5A1-2.5% 

and RC-55 a l l o y s  a re  equiva lent .  The frequency of the 13V-llCr-3A1 a l l o y  . 
nay be somewhat lower a s  a r e s u l t  of the smaller  amount of t i tan ium i n  the  

a l l o y  (approximately 73 percent ) .  An explanat ion of the s t i l l  lower r e a c t i o n  

frequency of the 6A14V a l l o y  i s  not  apparent .  
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? .I These r e s u l t s  show t h a t ,  i n  genera l ,  the o v e r a l l  impact s e n s i t i v i t y  

' of i i t an ium does not  vary  grea t ly  wi th  these  a l loys .  (While the r e a c t i o n  

frequency of the 6A1-4V a l l o y  i s  l e s s ,  i t s  i n s e n s i t i v i t y  m i s  s t i l l  

very low.) 

D. EFFECT OF LOX-LN2 MIXTURES 

I n  order t o  inves t iga t e  t h e  v a r i a t i o n  i n  impact s e n s i t i v i t y  wi th  LN2 

d i l u t i o n  of the LOX, t e s t s  were made wi th  approximately 50, 60, 70, and 100 

percent  (by weight) LN2 i n  LOX. The l i q u i d s  were mixed i n  a  Dewar f l a s k  and 

used w i t h i n  t h i r t y  minutes,  the du ra t ion  of t e s t  s e r i e s .  Chemical ana lyses  

showed t h a t  the n i t rogen  content  d i d  n o t  decrease more than four percent  during 

t h i s  time. 

A l l  specimens were 0.063 inch t h i c k  by 11/16 inch diameter d i s c s  of 

5A1-2.5Sn t i tanium, which were deburred and vapor degreased pr ior  t o  t e s t .  

( ' l  
The r e s u l t s  showed t h a t  t i t an ium w i l l  s t i l l  r e l a t i v e l y  s e n s i t i v e  t o  

impact a t  60 percent LN2 d i lu t ion  (Table 5) .  A t  70 percent  and 100 percent  

LN2, it was in sens i t i ve .  Thus, t i t an ium i s  not  impact s e n s i t i v e  i n  l i q u i d  a i r  

(79 percent  N2 - 21 percent  02) .  However, l i qu id  a i r  (and LN2 evaporat ing i n  a i r )  

becomes enriched with LOX on evaporation, and only a  r e l a t i v e l y  s m l l  amount of 

such enrichment would r e s u l t  i n  impact s e n s i t i v i t y  of t i tan ium i n  con tac t  wi th  

the f l u i d .  Such a condi t ion  probably could occur on t i t an ium su r faces  exposed 

t o  a i r  a t  temperatures below the b o i l i n g  po in t  of oxygen (-183OC, -297OF a t  1 am. ) .  

E. EFFECT OF THICKNESS 

MSFC-SPEC-106 (paragraph 4.3) s p e c i f i e s  t h a t  "sheet  ma te r i a l s  up t o  114 

inch i n  thickness s h a l l  be tes ted  a s  5 /8  inch diameter d i s c s  i n  the th ickness  in- 

tended f o r  ac tua l  use..... Other m a t e r i a l s ,  such a s  greases  and f l u i d s ,  whose 

thicknesses a re  not  d i c t a t e d  by condi t ions  o f  use s h a l l  be t e s t ed  a s  0.050 

4 1 (plus o r  minus 0.005) i ~ c h  layers  i n  t e s t  cups." The l a t t e r  thickness was 

based upon experimental work reported by Lucas and Riehl.  M-, 13) 

11 
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The e f f e c t  of thickness upon the impact s e n s i t i v i t y  of the 5Al-2.5Sn 4 4  
t i tanium a l l o y  is shown i n  Table 6. A l l  thicknesses from 0.010 inch t o  

0.125 inch reac ted  i n  more than 10 percent  of the t e s t s .  I f  i t  i s  assumed t h a t  

the 34 percent  frequency of  the 0.010 inch ma te r i a l  a t  3 KgM i s  anomalous, 

there i s  a general  t rend toward increas ing  r e a c t i v i t y  with g r e a t e r  th icknssses .  

This i s  oppos i te  t o  the usual  behavior of ma te r i a l s  such a s  greases and l u b r i c a n t s  

i n  impact s e n s i t i v i t y  t e s t i n g  and suggests  t h a t  with metal specimens, 

bending o r  deforming of the  thinner  ma te r i a l s  may absorb p a r t  of the impact 

energy. Howtver, t h i s  t rend  cannot be r e a d i l y  confirmed from the r e p e t i t i v e  

impact da t a  f o r  which the re  was no g rea t  d i f f e rence  i n  r e s u l t s  with vary ing  

sample thickness.  

F. EFFECT OF GRIT 

It i s  well  known t h a t  hydrocarbon contamination must be avoided i n  

LOX systems. Lucas and Rich1 reported t h a t  inorganic contamination must be 4 I 
minimized a l s o .  (12"3) They found t h a t  by p lac ing  a few small hard p a r t i c l e s ,  

such a s  sand,  alundum, or  s i l i c o n  carbide,  I n  t h t  bottom of an aluminum t e s t  

cup the r e a c t i o n  frequency was markedly increased upon i m p x t  i n  LOX. It i s  

believed i h a t  when p a r t i c l e s  a re  abraded or  driven i n t o  the  aluminum, the 

heat  l i b e r a t e d  a t  microscopic contact  po in t s  frequently i s  s u f f i c i e n t  t o  

t r igge r  a r e a c t i o n  between the f resh  metal sur face  and the LOX. 

En order t o  inves t iga t e  t h i s  phenomenon, s tandard impact s e n s i t i v i t y  

t e s t s  were made on t i tan ium a l loys  contaminated with a small  amount of s i l i c o n  

carbide i n  an aluminum t e s t  cup. Data a re  l i s t e d  i n  Table 7a. The graphica l  

comparison of r e s u l t s  with and without g r i t  (FIG 6) shows t h a t  while the 

i n s e n s i t i v i t y  l eve l  is not  a f f ec t ed ,  the frequency of r e a c t i o n s  a t  higher 

impact ene rg ie s  i s  very g r e a t l y  increased,  a t t a i n i n g  100 percent  r e a c t i v i t y  

a t  only 5 KgM. 
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14 The above t e s t s  were made using 0.063 inch t h i c k  samples of 5A1-2.5Sn 

t i tan ium wi th  the s tandard  aluminum t e s t  cup. I n  order t o  d i f f e r e n t i a t e  

between those r eac t ions  which may have been caused by aluminum, r a t h e r  than 

t i tanium, a  second s e t  of t e s t s  was made i n  which aluminum and t i tanium cups 

were used without sample i n s e r t s .  The r e s u l t s  (Table 7b) c l e a r l y  showed 

t h a t  the  t i tanium i s  f a r  more r eac t ive  than the aluminum under such condit ions.  

The lack  of any r e a c t i o n s  wi th  aluminum i n  the data  l i s t e d  i s  not  considered 

anomalous i n  view of the  very low degree of  r e a c t i v ~ t y  of t h i s  mater ia l  w i th  

LOX. 

G. EFFECT OF WELDMENTS 

I n  order t o  determim- whether weldments a f f e c t  t h e  r e a c t i v i t y  of  

t i tan ium and oxygen, 5A1-2.5Sn t i tanium shee t s  (0.063 inch thick)  were 

welded together  with 75A a l l o y  rod. Based on radiographic examination, s e t s  

I ) 
of samples were prepared from both high and low poros i ty  a reas .  Samples 

a l s o  were taken immediately adjacent  t o ,  but  not  inc luding ,  the weld bead 

t o  r ep resen t  the hea t  a f f e c t e d  zone, and f a r t h e r  away t o  be r ep resen ta t ive  

of the shee t .  

Impact s e n s i t i v i t y  t e s t s  d id  n o t  show s i g i ~ i i i c a n t  d i f fe rence  i n  the  

r e a c t i v i t y  of any of the  vaious s e t s  of samples (Table 8).  

H. SURFACE TREATMENTS 

1. Deburring. Samples were prepared for  impact s e n s i t i v i t y  

t e s t i n g  by punching 518 inch diameter d i s c s  from the s h e e t  stock. This 

opera t ion  produced somewhat rough edges, f requently accompanied by s l i v e r s  

and burrs .  Because it  would be expected t h a t  such a condi t ion  would enhance 

r e a c t i v i t y  a l l  samples were deburred by tumbling t h e  samples i n  a  drum conta in ing  

I 1 114 t o  112 inch po rce la in  b a l l s  f o r  s e v e r a l  hours ("Barrel1' debwring) .  The 
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e f f e c t  of t h i s  treatment was confirmed by experimental t e s t s  of 6 var ious  s e t s  

of samples with and without  deburring (Table 9) .  I n  a l l  ca ses ,  the deburr ing 

treatment s l i g h t l y  decreased the r e a c t i o n  frequency and/or  r a i s e d  the  l e v e l  of 

i n s e n s i t i v i t y .  Typical r e s u l t s  with the  0.063 inch t h i c k  5A1-2.5Sn a l l o y  

a r e  p l o t t e d  fo r  i l l u s t r a t i o n  i n  F I G  7. 

2 .  Polishing.  Since i t  was shown t h a t  deburr ing of samples 

s l i g h t l y  decreased the r e a c t i v i t y  with LOX, i t  would be expected t h a t  

pol i sh ing  of the sur face  would be even more bene f i c i a l .  Thc e f f ec t iveness  

of hand and e l ec t ropo i i sh ing  were the re fo re  inves t iga ted .  

Hand pol i sh ing  was done by us ing  emery paper down to  grade i t l o  

on both s i d e s  and the edges. Because of the  time consumed i n  t h l s  ope ra t ion ,  

the  number of samples was he ld  to  a  minimum. The comparative impact 

s e n s i t i v i t y  of samples wi th  and without hand po l i shmg a f t e r  deburring i s  

shown i n  Table 10. The r e s u l t s  indica ted  t h a t  p o l ~ s h l n g  tended to  increase  

the s e n s i t i v i t y  and r e a c t i o n  frequency, possibly b) removing muck, of the 

oxide f i l m  from the sur face .  

Elec t ropol i sh ing  a f t e r  deburr ing was accomplished a t  a c u r r e n t  

dexs i ty  of 8-11 amps/dm2 f o r  several  minutes i n  a  s o l u t i o n  of 80 p a r t s  (by 

volume) ethylene g lycol ,  6  p a r t s  hydrof luor ic  ac id ,  and 6 p a r t s  water.  Tes t s  

on f i v e  s e t s  of samples showed t h a t  the r e a c t i v i t y  under impact i n  LOX was not  

g r e a t l y  d i f f e r e n t  with o r  without e l ec t ropo l i sh ing  a f t e r  deburring (lable 11) .  

The r e a c t i v i t y  of the  5A1-2.5Sn a l l o y  samples which were not  annealed was 

s l i g h t l y  increased. Elec t ropol i sh ing  apparent ly lowers the  s e n s i t i v i t y  i f  the  

samples a r e  subsequently annealed i n  an i n e r t  atmosphere. I n  the anneal ing 

opera t ions  f o r  these samples (as d iscussed  separa te ly  l a t e r )  the samples were 

allowed to  cool  i n  a i r ,  and thus formed a heavy oxide coa t ing  on the  



>39 s u r f a c e .  T h i s  phenomena was proven by r e f l e c t i o n  e l e c t r o n  d i f f r a c t i o n  s t u d i e s .  

l b  It i s  p r o b a b l e  t h a t  by e l e c t r o p o l i s h i n g  p r i o r  t o  a n n e a l i n g  a chemical ly  c l e a n e r  

s u r f a c e  was p r e s e n t  d u r i n g  a n n e a l i n g  and consequent ly  a f f o r d e d  c o n d i t i o n s  f o r  

a  t h i c k e r  and /o r  more t e n a c i o u s  ox ide  f i l m  t o  form. 

3. Annealing.  Samples of f i v e  v a r i o u s  t i t a n i u m  a l l o y s  were annea led  

0 
i n  accordance  w i t h  m a n u f a c t u r e r ' s  recoamendat ions  i n  a  vacuum furnace  a t  705 C 

( 1 3 0 0 ~ ~ )  f o r  one hour  and al lowed t o  c o o l  i n  a i r .  Irupact s e n s i t i v i t y  t e s t  r e -  

s u l t s  on seven  s e t s  of annea led  and "as r e c e i v e d "  samples a r e  l i s t e d  i n  Tab le  12 

A p l o t  of  t y p i c a l  r e s u l t s  i s  shown i n  FIG 8. While a n n e a l i n g  d i d  n o t  d e c r e a s e  

t h e  r e a c t i v i t y  of any s e t  t o  an  a c c e p t a b l e  l e v e l ,  i . e . ,  maxirmm of one r e a c t i o n  

i n  60 t r i a l s  a t  10 KsX,  s i g n i f i c a n t  e f f e c t s  r e s u l t e d .  I n  a l l  seven c a s e s ,  t h e  

i n s e n s i t i v i t y  l e v e l  was a p p r e c i a b l y  r a i s e d  and the  r e a c t i o n  f requency dec reased  

na rked ly .  A s  nen t ioned  i n  t h e  d i s c u s s i o n  on e l e c t r o p o l i s h i n g ,  t h i s  i s  b e l i e v e d  

I D due t o  t h e  f o r n a t i o n  of a  more e f f e c t i v e  o x i d e  f i l m  on t h e  s u r f a c e  d u r i n g  t h e  

cooldown from annea l ing .  

4 .  E f f e c t  of P i c k l i n g .  Sanp les  of four  a l l o y s  were vacuum annea led  

t o  o b t a i n  u n i f o m  g r a i n  s i z e  and e t c h e d  i n  a  n i t r i c  a c i d - h y d r o f l u o r i c  a c i d  

s o l u t i o n  t o  s tudy  t h e  e f f e c t  of the  i n i t i a l  s u r f a c e  f i l m  on "as r ece ived"  

t i t a n i u n  (Table 1 3 ) .  An i n t e r e s t i n g  phenomenon was no ted  whi le  t e s t i n g  t h e  

e tched  s a n p l e s .  The v i o l e n c e  of t h e  r e a c t i o n  was g r e a t e r  than  those  d e t e c t e d  

i n  t h e  "as  r ece ived"  c o n d i t i o n ,  and t h e  f requency of  r e a c t i o n  inc reased .  

- 
t u r t h e r m r e ,  the  i n s e n s i t i v i t y  l e v e l  was lowered.  Th i s  phenomenon is 

e x e n p l i f i e d  by t e s t s  made on 0.063 inch t h i c k  5Al-2.5Sn (FIG 4 ) .  The "as 

rece ived"  u a t e r i a l  e x h i b i t e d  s e n s i t i v i t y  t o  1 Kg!! impact  energy.  However, 

when t h e  m a t e r i a l  was a n n e a l e d ,  t h e  i n s e n s i t i v i t y  l e v e l  was r a i s e d  t o  7.5 W. 

A f t e r  e t c h i n g ,  the  u a t e r i a l  was s t i l l  s e n s i t i v e  a t  0.5 KgH. Cons ide r ing  t h a t  

t i t a n i u m  s h o u l d  be c h e m i c a l l y  c leaned  p r i o r  t o  welding,  t h e  e t c h e d  state 

r e p r e s e n t s  a  c o n d i t i o n  which may occur  e a s i l y  i n  service a p p l i c a t i o n s .  

15 



5 .  P a s s i v a t i o n .  S t a i n l e s s  s t e e 1  and aluminum a l l o y s  cornonly  

a r e  "pass iva ted"  t o  c o n c e n t r a t e d  peroxide  by degreas ing  t h e  s u r f a c e ,  

p i c k l i n g ,  and t h r n  expos ing  i t  t o  c o n c e n t r a t e d  peroxide  f o r  s e v e r a l  

hours .  I n  o r d e r  t o  i n v e s t i g a t e  whether such a  t r ea tment  would produce 

a  p r o t e c t i v e  c o a t i n g  on t i t a n i u m ,  samples of  t h e  6A1-IV a l l o y  were 

p r spared  i n  t n i s  manner. I n p a c t  s e n s i t i v i t ? .  t e s t  r e s u l t s  of  u n t r e a t e d  

and " p a s s i v a t e d "  s a n p l e s  a r e  s h o w  i n  T a b l r  1L. The t r e a t m e n t  i n c r e a s e d  

the r e a c t i \ . i t y  under t h e s e  t e s t  c o n d i t i o n s .  

I n  ano the r  a t t e m p t  t o  produce a pass ive  s u r f a c e ,  s e p a r a t e  

s e t s  of s a n p l e s  of the  3 1 - 2 . 5 S n  a l l o y  (0.063 inch t h i c k )  were t r e a t e d  v i t h  

b e i l i n g  a c i d  and a l k a l i  and impact t s s t e d .  Thase samples j a i l e d  i n  con- 

c e n t r a t e d  n i t r i c  a c i d  idr 30 minutes produced 13 r e a c t i o n s  i n  20 t r i a l 5  a t  

10 Kg'!, t h u s  e x h i b i t i n g  no improvement. Sanp les  b o i l r d  i n  c o n c e n t r a t e d  

potass ium h?-droxide f o r  1 0  minutes were sone.ihat l e s s  r r a c t i v r ,  i on ly  

t-io f i r e s  i n  70 t r a i l s  a t  10 Kp'l, b u t  s t i l l  i i s re  n c t  a c c e p t e d .  

I. CMTISGS 

1 .  Phosphate.  Phosphate c o a t i n g  would be a  c o x p a r a t i v e l -  s i x p l e  

t r e a n e n t  t o  apply t o  space  v i h i c l e  t a n k s .  Consequentl!-. c o n s i d e r a b ! ~  t e s t s  

w r e  xade i n  an a t t e n F t  t o  f i n d  or d r v e l o p  a  phosphate t r r a m e n t  capab le  of  

d e s e n s i t i z i n g  t i t a n i u n  t o  an  acc2p tab le  degree  i n  the  i n p a c t  t e s t .  A t o t a l  

of 2: v a r i o u s  phosphate c o a t i n g  t r e a t n e n t s  were t r i e d .  These c o n s i s t e d  of  13  

types  of mnganese  phosphate  t r e a t x e n t s ,  f o u r  types  of i r o n  phosphate t r e a t -  

w n t s ,  and seven o t h e r  t y p e s .  Sone of t h e s e  reduced t h e  i q a c t  s e n s i t i v i t y  

ti, an  a c c e p t a b l e  l e v e l  (Table  15). 



2. Anodizing. Thrde types of anodizing were t r i e d  on two t i tan ium 

a l loys .  Deta i l s  and d a t a  a re  provided i n  Table 16. None of these t reatments  

was bene f i c i a l .  On t h e  contrary,  the r e s u l t s  indica te  t h a t  the ma te r i a l  

was rendered somewhat more reac t ive .  

3. Ni t r id ing .  Forty 5A1-2.5Sn t i tanium specimens were exposed 

t o  a n i t rogen atmosphere f o r  three hours a t  816OC ( 1 5 0 0 ~ ~ ) .  Only two f a i n t  

' f lashes were noted when a l l  of these samples were impact s e n s i t i v i t y  t e s t ed .  

It m y  w e l l  be t h a t  by f u r t h e r  refinements n i t r i d i n g  could provide acceptable 

p ro tec t ion .  However, s ince  such a process would be q u i t e  d i f f i c u l t  t o  cont ro l  

on l a r g e  t h i n  walled tanks and could r e s u l t  i n  embrittlement of the  a l l o y ,  i t  

was n o t  followed up i n  t h i s  study. 

4. Teflon. Because of t h e i r  wide and s a t i s f a c t o r y  use i n  LOX 

systems, a s  well  a s  favorable low temperature p roper t i e s ,  i t  was thought 

4 D t h a t  Teflon coat ings might a f ford  desens i t i za t ion  of t i tan ium to impact 

i n  LOX. Three types of commercial Teflon based coat ings  were t r i e d  on two 

a l loys  (Table 17).  Although the coat ings  apparently afforded some p ro tec t ion ,  

the r e s u l t i n g  s e n s i t i v i t y  was s t i l l  much higher than could be considered 

acceptable.  

5. Flame Sprayed Metal. I n  an attempt t o  produce a p ro tec t ive  

coat ing ,  samples of the  6A1-4V a l l o y  were flalnesprayed with conunercially pure 

aluminum t o  a thickness of 0.010 inch, the  minimurn thickness necessary t o  obtain 

a uniform coat ing by t h i s  process. The impact s e n s i t i v i t y  of such samples 

was no t  appreciably decreased i n  comparison with uncoated samples. On t he  

o ther  hand, fhmespraying with Metco 43C, an 80 percent  N i  - 20 percent  Cr 

composition afforded some protec t ion  t o  5A1-2.5Sn t i tan ium (0.063 inch thick) .  

The r e a c t i o n  frequency was lowered and the  i n s e n s i t i v i t y  l eve l  r a i s e d  from ' ' 1-1 K g M  t o  7 KgM. However, such a coat ing  would be very  d i f f i c u l t  t o  apply 



t o  t h i n  shee t s  without producing warpage, and would impose a  s i g n i f i c a n t  

weight penal ty 

6.  Ceramic Coatings. The e f f e c t  of four ceramic enamel type 

coatings upon the impact s e n s i t i v i t y  of t i tan ium i s  shown i n  Table 18. 

None of these  s i g n i f i c a n t l y  a f fec ted  the r e a c t i v i t y  under these  t e s t  

condit ions.  

7 .  Elec t ropla ted  Coatings. Elec t ropla ted  coa t ings ,  one m i l  t h i ck ,  

of n i cke l  o r  copper s a t i s f a c t o r i l y  desens i t i zed  t i tanium (6Al-iV) to  

impact. With only 0.5 m i l  of copper of copper,  two minute f l a s h e s  were observed 

i n  20 t r i a l s  a t  10 KgEI, and none i n  20 t r i a l s  a t  8 KgM. These coa t ings  thus  

offered a  so lu t ion  t o  the impact s e n s i t i v i t y  of t i tanium i n  LOX. However, 

i n  add i t ion  t o  being d i f f i c u l t  t o  apply i n t e r n a l l y  t o  l a rge  tanks ,  they a l s o  

presented an appreciable weight penalty when applied to  tanks of only 0.010 inch 

wall thickness.  4 I 
8. E lec t ro l e s s  Coatings. E l e c t r o l e s s  type coa t ings  a re  much more 

e a s i l y  appl ied  i n t e r n a l l y  t o  tanks than e l ec t rop la t ed  coa t ings .  Consequently, 

t e s t s  were made with e l e c t r o l e s s  n icke l  and copper coa t ings .  Only 0.2 m i l  of 

e l e c t r o l e s s  n icke l  was needed t o  densens i t ize  0.063 inch t h i c k  5A1-2.5Sn t i t a n i m  

t o  impact i n  LOX. This requi red  only f i v e  minutes p l a t i n g  time. The e f f e c t  of 

coa t ing  thickness and p l a t i n g  time upon the r eac t ion  frequency (a t  10 KgEI) 

of such samples is  shown i n  FIG 10. I n  order  t o  obta in  confirmation of t hese  

r e s u l t s ,  s eve ra l  s e t s  of 20 samples each were tes ted  a t  va r ious  thicknesses.  

Detai led d a t a  a r e  provided i n  Table 19. A s l i g h t l y  th icker  coa t ing  was 

necessary t o  reduce the  r e a c t i v i t y  of the  0.010 inch th i ck  a l l o y  (SAl-2.5Sn) 

t o  an acceptable  degree. The main disadvantage t o  t h i s  c o a t i n g  was its com- 

para t ive ly  poor adhesion. Severe f l a k i n g  and/or cracking of  t h e  coa t ings  

occurred f r equen t ly  on impact. A s  would be expected, t h i s  e f f e c t  was much 
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more pronounced with the  0.010 inch than w i t h  :he 0.063 inch  th i ck  samples and 

( ) probabl, could be overcome by hea t ing  t o  fuse  the n icke l  coa t ing .  However, such 

treatment probably would a f t e c t  the physical  proper t ies  of  the  a l loy  and would 

be d i f f i c u l t ,  if not  imprac t ica l ,  t o  apply t o  large t h i n  walled tanks. 

It was found t h a t  e l e c t r o l e s s  copper coa t ings  a l s o  could d e s e n s i t i z e  

t i tanium t o  impact i n  LOX. A 0.25 t o  0.30 m i l  thickness of  t h i s  coat ing was 

s u f f i c i e n t  t o  reduce the r e a c t i o n  frequency of 0.063 o r  0.010 inch 

5A1-2.5Sn t i tanium t o  an acceptable l e v e l  (Table 20 and FIG 11). There v a s  

no evidence of spai?iLlg o r  cracking of t h i s  coat ing a f t e r  impact. Furthermore, 

i n  those cases  where r e a c t i o n s  occurred, only  minor f l a s h e s  wer: observed and t h e  

r eac t ion  d i d  not  propagate, the  point  a t  which r eac t ion  occurred being ba re ly  

d is t inguishable  from the remainder of the sur face .  The r e a c t i o n s  occurr ing wi th  

the n i cke l  coated saaples  were comparatively more v i o l e n t  than t h a t  with the  

copper coa t ing  ard the  r e a c t i o n  zone f requent ly  propagated and consuned an 

I ) appreciable por t ion  of the  t e s t  sample. The copper coa t ing  process r e q u i r e s  

considerabiy more time (two hours) than t h a t  of the n icke l  (5-10 minutes). 

However, t h i s  could be advantageous i n  t h a t  i t  would al low b e t t e r  process con t ro l  

during i n t e r n a l  app l i ca t ion  t o  large tanks. 

The e f f ec t iveness  of these coa t ings  a l s o  was confirmed by 

r e p e t i t i v e  impacting. Indiv idual  samples wi th  and without  the  coat ing were 

subjected t o  repeated impacts a t  a very low energy l e v e l ,  i . e . ,  1 KgN, u n t i l  

a r eac t ion  occurred. The average number of impacts t o  accompiish a r e a c t i o n  

was verv g r e a t l y  increased by the coat ings (Table 21). 



J. SUPMARY 

Although occasional variations m y  orcut, t 

of factors on che impact s@nSitiviW of cltenium tn 

the reactivity of ticanium and oxygen w y  br infwrrv 

results. These arc summarized as follows: 

Neutral &nrf icral 
_(Or No Significant Effect) p c r c a s c d  RacCiuLc.L 

Nature of Mating Surfaces 
Various Alloys 
Weldments 
Eiecffopolishing 
Hand Polishing 
Phosphate Coatings 
Anodized Coatings 
Ceramic Coatings 
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4 )  IV. SHOCK SENSITIVITY OF TITANIUM 
IN CONTACT WITH LIQUID AND GASEOUS OXYGEE 

The results of the extensive investigations of the LOX-tapact 

sensitivity of titanium alloys might appear to constitute avervhel~iag 

evidence for rejection of titanium for the suggested applicatiou. 

However, it has been argued that this method of testing fails to duplicate 

conditicns to which a flight or test vehicle would be subjected and the 

results are therefore of questionable applicability. Although it is 

recognized that this same argument could be applied to many of the 

traditionally accepted methods of materials testing, the mission payload 

gain possible by use of titanium was sufficiently attractive &at it was 

decided to conduct additional investigations using several sethods irf &sf 

prior to reaching a final conclusion. 

4 B One of the supplementary methods selected for restin6 was &teraimt:m 

of the sensitivity of the titaniunloxygen cysteo So initiation by sbwk 

stimuli. Although the question of duplication of f l i g h t  or t e s c  condlrioas 

again arises, the following factors tend to support the relevancy of &a test 

method for the suggested application: 

1. Vehicles may be subjected to shocks resulting from engine i 

znd'or rough combustion; explosive bolts, valves, and similar devices; 

explosion of gaseous propellants leaking from valves, flanges, aria ocher 

locations; and aerodynamic phenomena. 

2 .  Shock testing is probably the most uidrly accepted m t b d  fat 

determining the relative'sensitivity to detonation af wii4 pe+18wats. 

The following sections describe the apparatus an$ prsrelz 

for this investigation and present results obtained for ritanli 

) for several reference systems. 
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A .  PRELIMINARY CONSIDERATIONS 

A survey of the l i t e r a t u r e  yielded l i t t l e  information of d i r e c t  va lue  

4 D 

since no reference  was found t o  s tud ie s  of two phase mixtures  having a r e -  

l a t i v e l y  l imi t ed  i n t e r i a c e  f o r  reac t ion .  I 
I n  gene ra l ,  information derived from s e n s i t i v i t y  t e s t s  on a  p a r t i c u l a r  

system must be compared wi th  s imi l a r  informatian for  s e l e r t e d  re ference  

systems t o  be useful .  For the  cur rent  app l i ca t ion ,  ex tens ive  experience us ing  

aluminum and s t a i n l e s s  s t e e l  f o r  cons t ruc t ing  vehicle  LOX tanks v i r t u a l l y  

d i c t a t ed  s e l e c t i o n  of aluminumloxygen and s t a i n l e s s  steelloxq-gen systems f o r  

re ference  purposes; obviously any system found to  be equa l ly  sa fe  would be 

considered acceptable.  

To o b t a i n  an ind ica t ion  of the r e l a t i v e  ranges or response for  t i tanium1 

LOX and aluminumlLOX, prel iminary t e s t s  were ca r r i ed  out  by placing s t r i p s  of 

4 D 
t i tanium o r  aluminum i n t o  s t a i n l e s s  s t e e l  cups f i l l e d  with LOX and de tonat ing  

a  sho r t  length  of Primacord taped to  the ou t s ide  of the cup. The r e s d t s  

indicated t h a t  titaniumIL0X was very easy t o  i n i t i a t e  whereas alurinum/LOX 

was very d i f f i c u l t ,  the  d i f f e rence  being l a r g e  enough to  i n d i c a t s  t h a t  

r e l a t i v e l y  crude methods of t e s t i n g  would permit v a l i d  comparisions of 

r e s u l t s .  Furthermore, the exigency of the program and l ack  of e l e c t r o n i c  

instrumentat ion fo r  measuring detonat ion c h a r a c t e r i s t i c s  precluded 

development o i  a  soph i s t i ca t ed  t e s t  method. 



B. TEST PROCEDURES AND RESULTS 

On the bas i s  of the preliminary r e s u l t s  mentioned above, three  

methods of t e s t i n g  were devised employing the  donor-acceptor technique. 

The f i r s t  method involved va r i ab le  donors witb f ixed  donor-acceptor 

spacing and the  other  two involved f ixed  donors with v a r i a b l e  spacing. 

The three  methods a r e  i l l u s t r a t e d  g raph ica l ly  i n  FIG 12. 

Of the var ious  f ea tu res  common t o  the three t e s t  methods, two may 

be noted a t  t h i s  poin t .  F ' r s t ,  whenever f e a s i b l e ,  both the  samples and t e s t  

conta iners  were a l k a l i n e  cleaned and vapor degreased p r i o r  t o  t e s t ing .  

Second, t h e  Bruceton method of s e n s i t i v i t y  t e s t i n g  was used whenever t h e  

range of appl icable  s t i m u l i  and de tec t ab le  responses permi t ted .  By t h i s  

procedure, an i n i t i a l  sample i s  exposed t o  a given s t imulus leve l  and the  

I D response noted. I f  a r e a c t i o n  ( f lash  o r  explosion) occurs ,  a second 

sample i s  subjected t o  a stimulus one increment smaller than the f i r s t .  

I f  on t h e  o ther  hand the f i r s t  sample f a i l s  t o  r e a c t ,  t h e  second sample 

i s  subjec ted  t o  a s t imulus one increment l a r g e r  than the  f i r s t .  The 

sequence i s  continued i n  t h i s  manner, each sample being subjected t o  a s t imulus 

one increment l a rge r  o r  smaller  than the previous depending on the previous 

response u n t i l  the scheduled number of t e s t s  have been completed. A l l  

c a l c u l a t i o n s  a re  c a r r i e d  o u t  by e s t ab l i shed  procedures which have been I 
described by previous inves t iga to r s .  (15) 

Although i n  a s t r i c t  sense the  acceptor c o n s i s t s  of those po r t ions  

of both t h e  metal and medium (oxygen) i n  contac t  a t  the  i n t e r f a c e ,  f o r  

convenience, the mdtal o r  o ther  s o l i d  r e fe rence  mater ia l  i s  genera i ly  r e f e r r e d  

t o  a s  t h e  acceptor.  The 5A1-2.5Sn a l l o y  was used i n  a l l  t e s t s  involving 

t i tan ium acceptors .  



1. Method I- Variable Donor. This  method provides an ind ica t ion  

of the s e n s i t i v i t y  of a given acceptor t o  v a r i a t i o n s  i n  t h e  s i z e  of t h e  donor 

charge f o r  a f ixed donor-acceptor spacing (FIG 21a). The container  f o r  the  

acceptor and medium was a 1-112-inch diameter x 18-inch x .035-inch s t a i n l e s s  

s t e e l  (type 304) tube wi th  a 118-inch s t a i n l e s s  s t e e l  p l a t e  welded t o  it 

f o r  a bottom. The acceptor  consis ted of two 1-inch x 18-inch s t r i p s  of t h e  

mater ia l  t o  be t e s t ed  fas tened  together  wi th  small welded spacers  of the  same 

mater ia l  s o  t h a t  t h e i r  1- inch x 18-inch f a c e s  were p a r a l l e l  and separa ted  from 

each o the r  by approximately 112-inch. The donor, e i t h e r  a length of Primacord with 

an M36A1 detonator ,  or  an M36A1 detonator alone,  was taped t o  the ou t s ide  of 

the tube. The donor was v a r i e d  by changing the  length of the  Primacord (up 

t o  12 inches)  or  by using Primacord of va r ious  s i z e s  (50 t o  400 g r l f t ) .  

No at tempt was made t o  hold the acceptor f i x e d  i n  the tube so there was a 

s l i g h t  random v a r i a t i o n  i n  t h e  donor-acceptor spacing, t h e  mean being 

approximately 114 inch which i w l u d e s  the 0.035-inch s t a i n l e s s  s t e e l  tube wa l l .  

This method was more adaptable than the o the r  two and the re fo re  

was appl ied  t o  the l a r g e s t  number of d i f f e r e n t  acceptors .  Tes t  r e s u l t s  a r e  

summarized i n  Table 22. 

a .  Titanium. Titanium a l l o y  was used a s  the acceptor f o r  these  

t e s t s .  The s e n s i t i v i t y  was such t h a t  the  only s i ze  of Primacord used f o r  a 

donor was 40 g r l f t ,  the  smal les t  s i z e  which ~ o u l d  propagate r e l i a b l y  i n  the t e s t  

conf igura t ions  used. By varying the length  of the Primacord ir, increnents  of 

approximately 1-inch,  the  average s t imulus fo r  each of t h e  th ree  thicknesses 

t e s t ed  (0.063, 0.035, and 0.010 inch) was found to  be very c l o s e  t o  one detonator  

(zero inch of Primacord) when e i t h e r  LOX o r  GOX was used a s  the medium. 

( I 1  
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' 1  I I A few t e s t s  were made t o  insure t h a t  t h e  observed s e n s i t i v i t y  

d id  n o t  r e s u l t  from the welding of the spacers  t o  the s t r i p s  by s u b s t i t u t i n g  

Teflon spacers  with mechanical f a s t e n e r s .  The r e s u l t s  (not included) d i d  not  

d i f f e r  s i g n i f i c a n t l y  from those f o r  t h e  welded spacers .  

Visual observat ion ind ica t ed  t h a t  i n  some instances the  r eac t ion  

took p lace  i n  the form of an explosion i m e d i a t e l y  upon i n i t i a t i o n  of t h e  donor 

charge. I n  o ther ,  the r e a c t i o n  appeared t o  take p lace  a s  an i n i t i a l  burning 

which l a s t e d  roughly one second followed by an explosion.  Inspect ion of the  

t i tan ium s t r i p s  a f t e r  r e a c t i o n  had ceased indicated t h a t  burning had proceeded 

uniformly over most or  a l l  of the su r face ,  the corresponding decrease i n  

th ickness  usual ly  amounting t o  roughly 0.01-inch. For t h e  0.010-inch t h i c k  

samples, very l i t t l e  t i t an ium was recovered from those t e s t s  i n  which a r eac t ion  

occurred. 

( I )  b. Aluminum. Aluminum a l l o y  (5052 H34) was used as  the acceptor  

f o r  these  t e s t s ,  the donor being a 12-inch length of Primacord (plus one K36A1 

detonator)  i n  each ins t ance .  The s i z e  of the donor charge was var ied  i n  equal 

logar i thmic  increments us ing  50, 100, 200, and 400 g r / f t  s i z e s  of Primacrod. 

By proceeding i n  t h i s  manner, the average stimulus fo r  each of the  th icknesses  

t e s t e d  (0.063- and 0.035-inch) was found t o  be c lose  t o  250 g r / f t  Primacord 

in 12-inch lengths when e i t h e r  LOX or GOX was used a s  the  medium. 

Visual  observat ions ind ica t ed  t h a t  t h e  r eac t ions  were s i m i l a r  

t o  those f o r  t i tanium except  t h a t  no i n i t i a l  delays were noted and burning d id  

not  proceed uniformly over the sur face ,  appearing in s t ead  t o  be confined 

t o  c e r t a i n  a reas  or  puddles.  
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c.  S t a i n l e s s  S tee l .  Because t h e  t e s t  con ta ine r s  were made of type 

304 s t a i n l e s s  s t e e l ,  each t e s t ,  in  e f f e c t ,  involved a p o t e n t i a l  acceptor of t h i s  4 I 

mater ia l .  Observation of t h e  containers  recovered from t h e  various t e s t s  

yielded no evidence of r e a c t i o n  of the conta iner  ma te r i a l  except  i n  those 

instances when t i tanium a l s o  reacted.  For these  t e s t s ,  i t  appeared t h a t  the  

heat l i b e r a t e d  by the burning t i tanium was so g rea t  t h a t  i t  caused some 

burning t o  the s t a i n l e s s  s t e e l .  To confirm the conclusions based on observa t ions  

of the t e s t  conta iners ,  a  few t e s t s  were made using 1-inch x 18-mch s t r i p s  

of 0.035-inch thick s t a i n l e s s  s t e e l  with two 12-inch l eng ths  of 400 g r / f t  

Primacord taped to  the conta iner  as  the donor. Also, i n  one ins tance ,  the  

two lengths  of Primacord were placed ins ide  the  container  w i t h  the s t r i p s .  

Although t h e  t e s t  s t r i p s  were torn and badly d i s t o r t e d ,  no evidence of r e a c t i o n  

was noted and i t  was concluded t h a t  the r equ i red  s t imulus was ver) much g r e a t e r  

than 12-inches of 400 g r / f t  Primacord. 

d. Gasket Mate r i a l s .  To ob ta in  comparisons w i t h  other  m a t e r i a l s  

indiv idual ly  qua l i f i ed  f o r  LOX serv ice  by impact t e s t i n g ,  t h r e e  t e s t s  each were 

made us ing  Allpax No. 500 and Johns Manville No. 76 gasket  ma te r i a l s  (both 

1116-inch t h i c k  and pre-impregnated with a  fluorocarbon o i l )  with a  12-inch 

length of 400 g r / f t  Primacord donor. Once a  t race  r e a c t i o n  was noted f o r  one 

sample of Johns Manville No. 76. I t  was therefore  concluded t h a t  the average 

stimulus necessary f o r  i n i t i a t i o n  was much g rea te r  than 12-inches of 400 g r / f t  

Pr imacord . 
e.  Magnesium. This mater ia l  was se lec ted  f o r  t e s t i n g  because i t s  

well-known property of burning i n  a i r  i nd ica t ed  a  r e l a t i v e l y  high r e a c t i v i t y  

with oxygen. A magnesium thorium a l l o y  (HK31XA-H24) was t e s t e d  a t  0.063-inch 

thic'cness i n  LOX. The r e s u l t s  indicated t h a t  an average s t imulus  of 12-inches 

of approximately 200 g r / f t  Primacord was necessary,  which i s  intermediate  between ( I 
those f o r  t i tan ium and aluminum. 
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f .  Primacord. Because of t h e  much g rea te r  s e n s i t i v i t y  of t i t an ium 

than t h a t  of the  reference ma te r i a l s  discussed above, i t  was considered d e s i r a b l e  

t o  obta in  a  comparision wi th  a  conventional explosive. T r i m c o r d  was s e l e c t e d  

because of i t s  a v a i l a b i l i t y ,  and common useage i n  d e s t r u c t  systems of f l i g h t  

vehic les .  

Because PETN, the  explosive ingredient  of Primacord, i s  

approximately oxygen balanced, there was no need to  use LOX, s o  water was 

se lec ted  a s  the  medium. I n  car ry ing  out  t h e  t e s t s ,  18-inch lengths of 200 and 

400 g r l f t  Primacord were taped t o  lengths of 118-inch welding rod f i t t e d  w i t h  

spacers  a t  the  top and bottom t o  approximately center  the t e s t  mater ia l  i n  the  

container .  The donor charges,  cons is t ing  of 12-inch lengths  of Primacord, were 

taped t o  the  outside of the  tube and i n i t i a t e d  i n  the usual  manner. The r e s u l t s  

indicated average donor s i z e s  of approximately 400 and 300 g r / f t  Primacord 

( in  12-inch lengths)  r e spec t ive ly  f o r  the 200 and 400 g r / f t  Primacord a-.=epcors. 

The g rea t e r  sensitivity of t h e  400 g r / f t  Primacord may be p a r t l y  due t o i t s  

grea ter  d ~ o m e t e r  which r e s u l t e d  i n  a  s m l l e r  donor-acceptor spacing. 

In  any even t ,  the average s t imulus d id  n o t  d i f f e r  markedly from 

t h a t  f o r  the aluminum/LOX system which confirms the sa fe  handling c h a r a c t e r i s t i c s  

of t h i s  explosive.  

g. Copper and Nickel P la ted  Titanium. As wi th  the impact i n v e s t i -  

gat ions discussed previously,  considerat ion was given t o  the p o s s i b i l i t y  of 

a l l e v i a t i n g  the  s e n s i t i v i t y  problem by p l a t i n g  t o  e l iminate  t h e  titaniumIL0X 

i n t e r f a c e ,  the p ma te r i a l  being copper or  n icke l  f o r  which the r e s u l t i n g  

in t e r f aces  a r e  in sens i t i ve  t o  impact i n  LOX. Accordingly, e l e c t r o l e s s  procedures 

were used t o  p l a t  1-inch x 18-inch x 0.010-inch t i tanium s t r i p s  from the same 

a l loy  a s  used previously. The pa i r  of s t r i p s  c o n s t i t u t i n g  a n  acceptor were 

held by Teflon spacers  t o  preclude damage t o  the  coat ings by welding. The 

r e s u l t s  i nd ica t ed  t h a t  the  average s t imulus was increased from approximately 
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one detonator  t o  12-inches of 100 g r / f t  and 12-inches of 84 g r l f t  Primacord 

(each wi th  a detonator) r e spec t ive ly  f o r  t h e  copper and n i c k e l  p l a t ed  samples. 
I 

Although these increases a r e  appreciable,  the  average s t i m u l i  a r e  s t i l l  l e s s  

than those required f o r  aluminum. 

h. Blank Tes ts .  To i n d i c a t e  the  e f f e c t s  of va r ious  donor charges 

on the s t r u c t u r a l  i n t e g r i t y  of the t e s t  conta iners ,  each sample fo r  which no 

reac t ion  occurred was v i s u a l l y  inspected. Also, blank t e s t s  were made i n  which 

LOX was used alone with t h e  various acceptor  mater ia l s  excluded, or fo r  which LN2 

was s u b s t i t u t e d  fo r  LOX w i t h  the  var ious  acceptor  m a t e r i a l s  being included. 

These t e s t s  indicated t h a t  a s ingle  detonator  made only a 

small dent ,  sometimes accompanied by a 1/8-inch t e a r  i n  t h e  tube wal l ,  the  

t i tanium o r  o ther  r e fe rence  mater ia l  not  being v i s i b l y  a f f e c t e d .  

Similar  t e s t s  with 12-inches of 100 t o  400 g r / f t  Primacord 

yielded conta iners  t h a t  were dented the length  of the Pr'macord, the depth of 

the inden ta t ion  varying wi th  the s i z e  of the  donor. For t h e  100 g r / f t  Primacord, 1 

the inden ta t ion  was s l i g h t  and the t e s t  s t r i p s  were not  v i s i b l y  a f f ec t ed .  

For the  400 g r l f t  Primacord, the indenta t ion  was marked, and the t e s t  s t r i p s  

were bent such t h a t  they were not e a s i l y  removed from the tubes.  I n  some 

ins tances ,  small t e a r s  or  c racks ,  usua l ly  1- t o  2-inches long, were noted i n  the 

s ides  of the  tube. 

i. Sununary of Resul ts  Obtained with Method I. The following i s  a 

l i s t i n g  of the r e s u l t s  us ing  t h i s  t e s t  method on various ma te r i a l s  i n  order  of 

increas ing  s t i m u l i  requi red  f o r  i n i t i a t i o n :  

Approximate Size of Primacord 
Material Tested Needed fo r  I g n i t i o n  g r / f t  

Titanium o?: 

Cu o r  N i  P la ted  Titanium 100 
Magnesium 200 
Aluminum 250 
400 g r / f t  Primacord 300 
200 g r / f t  Primacord 400 
Fluorocarbon Impregnated Gaskets 7 400 
S t a i n l e s s  S t e e l  ~7 400 

Detonator alone 2 8 



2 .  Method I1 - Variable Spacing. Method I1 employed -he same con- 

t a i n e r  and acceptor conf igura t ions  a s  Method I but  the purpose i n  t h i s  case  

was t o  ob ta in  the acceptor  s e n s i t i v i t y  a s  a  funct ion of the  donor-acceptor 

spacing ( F I G .  12b). Tne donor, e i t h e r  2 inches of 400 g r l f t  Primacord wi th  

an M36A1 detonator or  t h e  detonator  a lone ,  was held i n  a  s t a i n l e s s  s t e e l  cannon 

below the  bottom of the conta iner .  The spacing thus includea the 118 inch  

s t a i n l e s s  stee: p l a t e  which formed the bottom of the conta iners .  The cannon 

used wi th  Primacord was simply a  518 inch d i a  x 2-112 inch hole d r i l l e d  i n  one 

face of a  6 inch d i a  x 3-112 inch s t a i n l e s s  s t e e l  block. A 3/16 inch ho le  was 

d r i l l e d  on through t o  t h e  other  face from the bottom of the  518 inch d i a  

hole t o  enable wir ing t o  be brought t o  t h e  detonator .  The cannon used 

with the  detonator alone was s imi l a r  except  t h a t  the f a c e  of the de tonator  

was he ld  f l u s h  with the f ace  of the cannon. 

( I )  Acceptors t e s t e d  with t h i s  method were t i tan ium,  aluminum, 

and Primacord from the same stock used f o r  Method I. Data from the Method 

11 t e s t s  a r e  l i s t e d  i n  Table 23. 

a .  Titanium. Titanium was t e s t ed  only i n  LOX by t h i s  method. 

A 2 inch length of 400 grift Primacord wi th  an M36A1 detonator  was used 

with 0.063 inch acceptors ,  and an M36Al detonator alone was used wi th  the  

0.010 inch s t r i p  acceptors .  An average spacing of 2.75 inches was d e t e r -  

mined f o r  the Primacord donor, and a  va lue  of 0.23 inch f o r  the de tonator  

alone.  

b. Aluminum. Aluminum (5052-H34) acceptors  were t e s t ed  i n  

both LOX and GOX, 0.063 inch s t r i p s  i n  LOX and 0.035 inch s t r i p s  i n  GOX. 

The donor i n  each case was 2 inches of 400 g r / f t  Primacord with an M36A1 

detonator .  The mean spacings observed were 0.48 inch f o r  LOX and 0.16 inch  

( 1 )  
f o r  GOX. 



c.  Pr imacord.  A 3 inch  l e n g t h  of 400 g r i f t  Primacord was 

used a s  t h e  a c c e p t o r  and a  2 - inch  l e n g t h  of  400 g r i f t  Pr imacord was t h e  

donor. Both a i r  and w a t e r  were used f o r  t h e  medium. The a c c e p t o r  was 

h e l d  a g a i n s t  t h e  bottom p l a t e  i n s i d e  t h e  cup  and the  donor  was p laced  

f l u s h  a g a i n s t  t h e  bottom p l a t e  on t h e  o u t s i d e .  Ten t e s t s  were  conducted 

w i t h  no  r e a c t i o n  of t h e  Primacord a c c e p t o r s  being nuted.  Thus ,  the  1 / 8  

inch  s t a i n l e s s  s t e e l  p l a t e  se rved  a s  a  s u f f i c i e n t  gap t o  p r e c l u d e  i n i t i -  

a t i o n .  

d .  S t a i n l e s s  S t e e l .  Although no s p e c i f i c  t e s t s  were made 

w i t h  s t a i n l e s s  s t e e l  a c c e p t o r s ,  a s  w i t h  t h e  p rev ious  method,  t h e  t e s t  

c o n t a i n e r  was made of type  304 s t a i n l e s s  s t e e l .  I n  no i n s t a n c e  was any 

i n d i c a t i o n  of  r e a c t i o n  of t h e  c o n t a i n e r  m a t e r i a l  w i t h  LOX observed excep 

when a  r e a c t i o n  w i t h  t i t a n i u m  a l s o  o c c u r r e d .  As noted f o r  Method I ,  t h e  

h e a t  g e n e r a t e d  by t h e  titanium/LOX r e a c t i o n  appeared t o  be s u f f i c i e n t  t o  

cause  some burn ing  of t h e  c o n t a i n e r .  

e .  Blank T e s t s .  With t h i s  method,  no i n s t a n c e  of p e n e t r a t i o n  

of t h e  test  c o n t a i n e r  was no ted .  However, i n  a few i n s t a n c e s  w i t h  t h e  

Primacord donor  and a  v e r y  s m a l l  s p a c i n g ,  t h e  bottom of t h e  c o n t a i n e r  

was d i s t o r t e d  s u f f i c i e n t l y  t h a t  t h e  weld f a s t e n i n g  t h e  p l a t e  t o  t h e  tube  

was s p l i t .  The d e t o n a t o r  donor  caused o n l y  a  p e r c e p t i b l e  d e n t  i n  t h e  p l a t e  

even w i t h  z e r o  spacing.  



3 .  Method 1 1 1 - V a r i a b l e  Spacing.  A d i f f e r e n t  c o n f i g u r a t i o n  was 

used f o r  Method 111 (FIG.  12c) The purpose  i n  t h i s  c a s e  was t o  o b t a i n  a n  

e s t i m a t e  of  s e n s i t i v i t y  a s  a  f u n c t i o n  of  t h e  donor-acceptor  spac ing  a s  i n  

Method 11 b u t  wi thou t  t h e  118 inch s t a i n l e s s  s t e e l  p l a t e  b e i n g  i n c l u d i n g  

i n  t h e  s p a c i n g .  A s h e e t  of t h e  m a t e r i a l  of i n t e r e s t  formed t h e  bottom o f  

t h e  c o n t a i n e r  r e s u l t i n g  i n  t h e  acceptor-medium i n t e r f a c e  be ing  removed 

from t h e  donor a c  z e r o  g a p  on ly  by t h e  t h i c k n e s s  of t h e  a c c e p t o r  i t s e l f .  

A 1-314 i n c h  O.D. x 6  i n c h  x 0.063 i n c h  s t a i n l e s s  s t e e l  t u b e  formed t h e  

w a l l  of  t h e  c o n t a i n e r .  As i n  Xethod 11, t h e  donors were  h e l d  i n  s t a i n l e s s  

s t e e l  cannons .  

With t h i s  c o n f i g u r a t i o n ,  t h e  a c c e p t o r s  s u b j e c t e d  t o  test were  

t i t a n i u m ,  aluminum, Pr imacord ,  copper  p l a t e d  t i t a n i u m ,  and  n i c k e l  p l a t e d  

4 B t i t a n i u m .  I n  the  s e r i e s  w i t h  Pr imacord,  t h e  c o n t a i n e r  i t s e l f  was e l i m i n a t e d  

and t h e  donor  and a c c e p t o r  were h e l d  a t  t h e  d e s i r e d  s p a c i n g  by a  s l i g h t l y  

d i f f e r e n t  ar rangements .  T e s t  r e s u l t s  o b t a i n e d  by t h i s  method a r e  g iven  i n  

Table  24. 

a .  Ti tanium.  Ti tanium a c c e p t o r s  of 0.063-inch and 0.032-inch 

t h i c k n e s s  were t e s t e d  w i t h  LOX and GOX, and 0.010-inch a c c e p t o r s  w i t h  LOX 

only .  Donors were 2 i n c h e s  of 400 grift Primacord w i t h  a n  M36A1 d e t o n a c o r  

excep t  f o r  one s e r i e s  w i t h  0.063-inch m a t e r i a l  i n  which t h e  d e t o n a t o r  a l o n e  

was used .  S e v e r a l  s e r i e s  of t e s t s  were made wi th  0 .063- inch titanium/LOX 

and t h e  r e s u l t s  demons t ra ted  t h e  r e p r o d u c i b i l i t y  of t h i s  method of t e s t i n g .  

The mean s p a c i n g s  o b t a i n e d  f o r  t h e  t h r e e  s e r i e s  were 2 .92,  2.50,  and 3.00 

inches .  S e r i e s  of t e s t s  employing t h e  o t h e r  t h i c k n e s s e s  o f  t i t a n i u m  a l s o  

gave r e s u l t s  i n  t h i s  r a n g e .  



b. Aluminum. Aluminum a c c e p t o r s  of t h i c k n e s s e s  0.063 and 

0.032-inch were t e s t e d  w i t h  t h e  l e s s e r  t h i c k n e s s  being t e s t e d  on ly  w i t h  

LOX, t h e  l a r g e r  w i t h  both  LOX and GOX. R e s u l t s  w i t h  t h e s e  a c c e p t o r s  gave 

mean gaps  o r  0.95-inch f o r  0.063-inch aluminum/LOX, 2.10 i n c h  f o r  0.032 

inch aluminum/LOX, and 1.37 i n c h  f o r  0.063-inch aluminum/GOX. Thus a lumi-  

num is s i g n i f i c a n t l y  l e s s  s e n s i t i v e  than  t i t a n i u m  w i t h  t h i s  t e s t  c o n f i g u r a -  

t i o n .  

c .  Pr imacord.  One s e r i e s  of t e s t s  was made w i t h  a  Primacord 

a c c e p t o r  i n  a i r .  A s  i n d i c a t e d  b e f o r e ,  t h e  c o n t a i n e r  was e l i m i n a t e d  and 

t h e  Pr imacord a c c e p t o r  was h e l d  a t  t h e  d e s i r e d  spac ing  by t a p i n g  i t  t o  a  

welding rod  p o s i t i o n e d  v e r t i c a l l y  immediate ly  above t h e  cannon h o l d i n g  

the  donor.  The r e s u l t i n g  mean gap was 1.55 inches  which i s  i n  t h e  range 

of v a l u e s  determined f o r  aluminum/LOX, and cor responds  t o  a  much g r e a t e r  

s t i m u l u s  t h a n  t h a t  r e q u i r e d  i ~ r  titanium!LOS. 

d. Blank T e s t s .  Blank t e s t s  w i t h  the  d e t o n a t o r  doncr i n d i c a t e d  

t h a t  s m a l l  fragments (up t o  a p p r o x i n a t e l y  200 u) from t h e  aluc~inuir  d e t o n a t o r  

c a s e  tended t o  p e n e t r a t e  t h e  t h i n ? e r  d i a p h r a p s  (0.010-to 0 .035- inch) .  A l s o ,  

t h e  Primacord donor praduced sone f ragments  from the  cannon which behaved 

s i m i l a r l y ,  a l though  no t  t o  such a  markei  e x t e n t .  The r e s u l t s  w i t h  t h i s  

c o n f i g u r a t i o n  t h e r e f o r e  a r e  cons ide red  l e s s  r e l i a b l e  than t h o s e  ob ta ined  

w i t h  Methods I and 11, s i n c e  i g n i t i o n  may have been a s s o c i a t e d  w i t h  pene- 

t r a t i o n  r a t h e r  than shock. 



e .  Copper and N i c k e l  P l a t e d  Ti tanium.  Ti tanium d i s c s  having 

a  t h i c k n e s s  of 0.010-inch were  p l a t e d  w i t h  0.2- t o  0.3-mil t h i c k n e s s e s  of 

2opper and t i t a n i u m  by a n  e l e c t r o l e s s  p rocedure  and t e s t e d  a s  a c c e p t o r s  

w i t h  LOX. The average response  f o r  each c o a t i n g  was approx imate ly  t h e  

same a s  t h a t  determined f o r  t h e  uncoated t i . tanium. The c o n t r a s t  between 

r e s u l t s  o b t a i n e d  by t h i s  n e t h o d  and those  r e p o r t e d  e a r l i e r  f o r  Method I1 

a r e  c o n s i s t e n t  w i t h  t h e  o b s e r v a t i o n  t h a t  p e n e t r a t i o n  by f ragments  occur red  

f r e q u e n t l y  w i t h  ?lethod 111. Thus s e n s i t i v i t y  t o  any mode of i g n i t i o n  f o r  

which p e n e t r a t i o n  of t h e  m e t a l  i s  involved wou!d n o t  be g r e a t l y  a f f e c t e d  

by c o a t i n g s .  Hodever, i t  was n o t e d  t h a t  w i t h  t h e  coa ted  samples  burn ing  

was no t  a s  e x t e n s i v e ,  s u g g e s t i n g  t h a t  t h e  c o a t i n g s  e f f e c t e d  sone  d e c r e a s e  

I n  the  t endency  t o  p ropaga te  u n d e r  t h e s e  c o n d i t i o n s .  



C. SUMMARY 

Taken together ,  these  data i n d i c a t e  t h a t  t i tan ium i n  e i t h e r  LOX 

or GOX r e q u i r e s  a  much smal le r  stimuius f o r  shock i n i t i a t i o n  than any of 

the r e fe rence  systems s e l e c t e d  fo r  t e s t i n g .  Whereas p l a t i ~ . ; j  with e i t h e r  

copper o r  n i cke l  tends t o  reduce the s e n s i t i v i t y  of t i tan ium,  t h i s  

technique i s  not  e f f e c t i v e  when the i n i t i a t i n g  stimulus causes pene t r a t ion  

of  the p ro tec t ive  p l a t i n g .  Even when the  pkatir.2 i s  not  penet ra ted ,  the  

s e n s i t i v i t y  of the p l a t ed  metal i s  g rea t e r  than t h a t  f o r  aluminum. 

The r e l a t i v e  order of shock s e n s i t i v i t y  of the various ma te r i a l s  t e s t ed  i s  

shown below i n  decreasing order  of s e n s i t i v i t y  based on r e s u l t s  by a l l  

three t e s t  methods (where appl icable)  : 

Titanium >> n i c k e l  p la ted  t i t an ium ,N copper p l a t e d  t i tan ium > 

magnasiilm .>aluminum 7 Primacord 7 fluorocarbon impregnated 

gasket  mater ia l  o r  s t a i n l e s s  s t e e l .  

These data  therefore  ind ica t e  t h a t  any use of t i t an ium i n  contact  wi th  

e i t h e r  l i q u i d  or  gaseous oxygen would tend t o  dicrease the  sa fe ty  and 

r e l i a b i l i t y  of the veh ic l e  t o  an extend dependent on the n a t u r e  and 

seve r i ty  of  forces  t o  which the vehic le  i s  subjected dur ing  t e s t i n g  and 

f l i g h t .  
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V. EFFECT OF CONDITIONS ASSOCIATED WITH SPACE VEHICLES 

A s  mentioned before ,  impact s e n s i t i v i t y  t e s t i n g  i s  t h e  most widely accepted 

method f o r  evaluat ing the  compat ib i l i ty  of  mater ia l s  f o r  LOX service.  A s  such, 

it i s  undoubtedly a va luab le ,  and usual ly  the only, "screening" type of tes t  

which can be r a t h e r  simply applied t o  a v i d e  v a r i e t y  and l a r g e  number of mater ia l s .  

It i s  an empir ical  and n o t  an absolu te  t e s t .  

I n  order  t o  f u l l y  a s s e s s  the compat ib i l i ty  of a ma te r i a l  with LOX on an 

absolu te  h a s i s ,  i t  would have t o  be t e s t e d  under a l l  of t h e  exact  condi t ions  t o  

which t t  may be exposed i n  serv ice  app l i ca t ions .  For space veh ic l e s ,  the  ul t imate 

t e s t s  would be successful  use i n  the p a r t i c u l a r  LOX s e r v i c e  intended i n  a 

statistically meaningful number of f l i g h t s .  Obviously t h i s  would not  be  an 

economical o r  f e a s i b l e  method of t e s t i n g  new mater ia l s .  

Although a l l  of the condit ions a s soc ia t ed  with f l i g h t  cannot be 

D dupl ica ted  exact ly i n  ground t e s t i n g ,  many can be p a r t i a l l y  o r  c lose ly  simulated. 

Furthermore, those condi t ions  to  which v e h i c l e s  may be exposed i n  t e s t  s t and  

operat ions and/or ground handling can be r a i r l y  well  dupl ica ted  when des i r ed .  

Consequently, t i t an ium i n  contact  wi th  oxygen was t e s t e d  under a wide 

v a r i e t y  of condit ions a s soc ia t ed  wi th  space veh ic l e s .  T e s t  specimens included 

coupons, d i s c s ,  and i n  view of the app l i ca t ion  intended, small model tanks 

pressur ized  with LOX. 

A .  IMPACTS 

Referr ing back t o  FIG 3 ,  i t  is  seen t h a t  i n  the s tandard impact 

s e n s i t i v i t y  t e s t ,  the s t r i k e r  pin face r e s t s  d i r e c t l y  on the  sample, and both a re  

submerged i n  LOX. There w i l l  almost c e r t a i n l y  be a t h i n ,  and probably discontinuous,  

f i l m  of LOX between the two faces.  Because of na tu ra l  microproject ions occurr ing 

on both su r faces ,  l o c a l i z e d  microscopic po in t  contac ts  exist  between the p i n  

m face  and sample. It i s  suspected t h a t  t h e  mechanism of r e a c t i o n  i n  t h i s  test is 



such t h a t  when impact occurs ,  high l o c a l  temperatures a r e  generated a t  these  

contact  po in t s .  Furthermore, because the  mating faces  a r e  be ing  driven toge the r ,  

some of t h e  LOX (or GOX) entrapped the re in  w i l l  be subjec ted  t o  ad iaba t i c  compression. 

The combination of hea t  (from both f r t c t i o n  and ad iaba t i c  compression) a s  w e l l  as  

probable exposure of f r e s h  sur faces  a t  these  micro contac t  po in t s  may i n i t i a t e  a  

r eac t ion  between the sample and oxygen. I n  any case,  whether or  not a  r e a c t i o n  

i s  evidenced by a  f l a s h ,  an audible  r e p o r t ,  andlor char r ing  of the sample, i s  

dependent upon the degree of propagation of the  r eac t ion .  Propagation i s  favored 

by an increased degree of chemical r e a c t i v i t y .  Thus, the comparative degree of  

chexical  r e a c t i v i t y  of ma te r i a l s  with oxygen can be i n i e r r e d  by impact 

s e n s i t i v i t y  t e s t i n g .  

While i t  i s  apparent  t h a t  the comparative degree of r e a c t i v i t y  of 

mater ia l s  w i t h  LOX may be i n f e r r e d  from impact s e n s i t i v i t y  t e s t s ,  such t e s t  

condit ions do no t ,  and cannot ,  represent  t h e  gamut of those which are a s soc ia t ed  

with space vehic les .  Conditions which most near ly  simulate the impact 

s e n s i t i v i t y  t e s t  may occur i n  space veh ic l e s  a s  a  r e s u l t  of c losure  of poppet 

valves or  c h a t t e r i n g  of f langes  or  other  connections. Other  impact^ could r t s u l t  

f rom many sources,  as  on pump impeller b l ades ,  mechanical o r  acc identa l  impacts,  

e t c .  In  a  tank app l i ca t ion ,  i t  i s  reasonable LO assume t h a t  impacts on t t  ou t s ide  

of the wal l  may r e s u l t  from inadver ten t  c o l l i s i o n  with o ther  ob,ects ,  such a s  a  

worker dropping a  too l ,  a  moving crane, shrapnel  from a  nearby catastrophic 

vehic le  explosion,  dropping o r  bumping of the  vehicle  i n  handling,  e t c .  

Impacts a l s o  could occm i n s i d e  the  tank from cha t t e r ing  of mating p a r t s ,  or  i n  

small c learance  areas  under v i b r a t i o n ,  a s  we l l  a s  from p a r t s  rf components i n s i d e  

the tank breaking loose. 



3 I I 

I D Tes t s  were made t o  obta in  informatior. on tS' r p n c t i v i t y  of t i t an ium 

i n  contac t  with oxygen when subjected t o  ex te rna l  impacts. The t e s t  f i x t u r e  

i s  shown i n  FIG 13. A 0.063-inch th i ck  d i s c  of titanium'' was sealed i n t o  

the top of the t e s t  f i x t u r e  with the Teflon gasket. The conta iner  was pressur ized  

to  50 p s i g  wi th  oxygen a t  room temperature. the 112-inch diameter f l a t  faced  

s t r i k e r  p i n  was placed on top of the t i tan ium and subjected t o  a  20 KgM impact 

(by use of a  40 pound plummet). No r e a c t i o n s  occurred i n  four  i n d i v ~ d u a l  t e s t s .  

Tes t s  a l s o  were made with LOX. I n  an attempt t o  provide l i q u i d  con tac t  1 
with the t i tan ium,  a  small overflow l i n e  was placed a t  t h e  gasket  sur face  and 

L3X passed through the conta iner  u n t i l  only l i q u i d  overflowed through the 

vent .  Under the same impact condit ions a s  above, no r e a c t i o n s  occurred i n  

four t r i a l s .  - 

I n  an attempt to  p a r t i a l l y  s imulate  the e f f e c t  of component p a r t s  bredking 

I ) loose i n  t h e  vehic le  LOX tank and being r a t t l e d  around from the  v ib ra t ion  I 

environment i n  f l i g h t ,  a  s t e e l  cube was placed ins ide  a  t i t an ium tank conta in ing  

LOX and v i b r a t e d .  The tank was constructed from 0.010-inch mater ia l  t o  the  

c c n f i g u r a t ~ o n  shown i n  FIG 14 ,  except t h a t  a  2-inch cube of 721 s t a i n l e s s  s t e e l  

was i n s e r t e d  p r i o r  to  welding of the second head. The edges and corpers  of t h e  

cube were c u t  with a  power hacksaw. The t e s 3 a n k  was placed i n  a  "Rotap" 
..,A ,. ,~ 

machine then f i l l e d  with LOX and pressur ized  t o  35-40 ps ig .  Vibrat ion was 

continued u n t i l  a l l  of the LOX had evaporated (approximately 15 minutes) 

leaving the  cube to  r a t t l e  i n  a  GOX environment. Although the sur face  

was peppered with minute d ings ,  no de tec t ab le  r eac t ions  occurred.  The tank 

* Unless otherwise s t a t e d ,  a l l  f u r t h e r  experimental t e s t s  w i t h  t i tanium r e p o r t e d  

I D herea f t e r  were made wi th  t h e  5A1-2.5Sn Alloy. 

** Fur the r  d e t a i l s  on these  v i b r a t i o n  environments a r e  presented  i n  t h e  n e x t  

s ec t ion  of t h i s  r epor t .  
37 
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was not  punctured or  s p l i t  by these condit ions.  Tests a l s o  were made i n  the same ( ) 
manner except t h a t  v ib ra t ion  was accomplished on a  mechanical shake t ab le  a t  up 

... 
to  20 G's". No r eac t ions  occurred in t h i s  case  e i t h e r .  

A t  f i r s t  impression, one might i n f e r  t h a t  these r e s u l t s  a r e  i n  con t rad ic t ion  

t o  those obtained i n  the s tandard impact t e s t s ,  s ince  both a r e  i n t e r n a l  type 

impacts. However, as  explaiced previously,  i t  i s  s t rongly  suspected t h a t  a  f r e s h  

metal sur face  and/or a d i a b a t i c  compression a r e  major f a c t o r s  i n  i n i t i a t i o n  of the  

r eac t ion  i n  t h e  standard s e n s i t i v i t y  t e s t  method. The edge of 2 cube s t r i k i n g  a  

curved su r face  i s  not expected t o  present  condi t ions  which would be nearly a s  

conducive t o  ad iaba t i c  compression as  t h a t  of a  112-inch diameter f l a t  face  on 

a  f l a t  sample. The former c o n s i s t s  of poin t  contac t ,  whi le ,  the l a t t e r ,  

an apprec iable  a rea  of contac t .  Thus these r e s u l t s  lend a d d i t i o n a l  support t o  the  

importance of ad iaba t i c  compression i n  the  s tandard impact s e n s i t i v i t y  t e s t  

B. VIBRATION 

1. High Frequency, Low Amplitude. Since high v i b r a t i o n  l eve l s  a r e  

assoc ia ted  wi th  space v e h i c l e s ,  the r e a c t i v i t y  of t i tanium t o  oxygen under such 

condit ions was inves t iga ted .  

Three t i tanium tanks (per FIG 14) were t e s t ed  wi th  a  1116-inch w a l l  

thickness and another wi th  a 0.010-inch wal l  thickness and conta in ing  a  2-inch 

cube (see paragraph V1.A). The t e s t  setup is shown i n  FIG 15. The tanks 

were subjec ted  t o  v ib ra t ion  wi th  the  tank longi tudina l  a x i s  both v e r t i c a l  

and hor i zon ta l .  The system used to  f i l l  the tanks with l i q u i d  oxygen, p re s su r i ze ,  

and purge is shown i n  FIG 15b. After  the tanks were approximately one-half f u l l  of 

l i q u i d  oxygen, t h e  i n l e t  va lve  was closed and the  vent  va lve  was p a r t i a l l y  c losed ,  

allowing s e l f - p r e s s u r i z a t i o n  t o  50 psig. The v i b r a t i o n  t e s t s  consibted of a  f i v e  

* Fur ther  d e t a i l s  on these  v i b r a t i o n  environments a re  presented  i n  the nex t  

s e c t i o n  of t h i s  r epor t .  
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( minute scan covering the following condi t ions :  20 t o  50 cps  a t  5.0 G I s ,  55 t o  110 

cps a t  0.03-inch double amplitude, 110 t o  200 cps a t  20 G ' s .  A t  the conclusion 

of each t e s t ,  the t e s t  tank was purged wi th  helium. The f i r s t  tank (0.063-inch 

guage) was subjected t o  a  v i b r a t i o n  sdeep from 20 t o  200 t o  20 cps. The tank was 

then r o t a t e d  90' about t h e  Z-2' ax i s  and t e s t e d  again i n  t h e  same manner. The 

remaining tanks were t e s t e d  from 20 t o  200 cps ,  ro t a t ed  90" about the 7.-Z' a x i s  

and 90' about  the X-X' a x i s ,  and t1.e v i b r a t i o n  t e s t  repeated.  Resonant dwell 

t e s t s  were conducted immediately a f t e r  each v ib ra t ion  t e s t  according t o  the  I 
resonant  po in t s  recorded. These poin ts  were determined by accelerometers and a re  

presented i n  Table 25. There was no r e a c t i o n  during any o f  the v ib ra t ion  o r  

resonant  dwell t e s t s .  

2 .  Low Frequency, High Amplitude. In order t o  a t tempt  a  p a r t i a l  

s imulat ion of the s loshing  type of v i b r a t i o n ,  experimental t e s t s  were made 

) a l s o  i n  a  "Rotap" machine (FIG 1 6 )  i n  t h i s  equip lent ,  the  tanks were subjec ted  

to  approximately 3 cps through a c i r c u l a r  displacement p a t t e r n  of approximately 

2-inch diameter .  Each t e s t  durat ion was normally ten minutes.  The tanks were 

loaded wi th  LOX and pressur ized  i n  the same manner a s  wi th  the  previous v i b r a t i o n  

t e s t s .  Five t e s t s  were made on one 1116-inch wall  t i t an ium tank and 200 on t h e  

0.010-inch th i ck  tank conta in ing  the 2-inch s t e e l  cube. No reac t ions  occurred 

i n  any of the  t e s t s .  



I n  a n o t h e r  test i n  the  "Rotap" machine, t h e  t o p  ven t  p o r t  i n  

t h e  t ank  (1116 inch va1.1) was l e f t  open and l i g h t  impacts  were  produced on 
4 

t h e  t i t a n i u m  boss d u r i n g  shak ing .  T h i s  was accomplished w i t h  t h e  t a p p i n g  

f i x t u r e  which is provided f o r  t h i s  purpose  when t h i s  machine i s  used f o r  

i t s  i n t e n d e d  f u n c t i o n ,  i . e . ,  s i e v e  shak ing  t o  s e p a r a t e  p a r t i c l e s  o r  c r u s h e d  

m a t e r i a l s  i n t o  v a r i o u s  s i z e  ranges .  No r e a c t i o n s  o c c u r r e d  i n  10 minu tes  

of such a  t e s t ,  even though dense oxygen vapors  c o n t i n u a l l y  were p a s s i n g  

over  t h e  impact ing s u r f a c e s .  These r e s u l t s  show t h a t  t h e  v i b r a t i o n  con- 

d i t i o n s  employed i n  these  t e s t s  w i l l  n o t  induce a  r e a c t i o n  between t i t a n i u m  

and oxygen. 

C. PRESSURE CYCLING 

Exper imenta l  t e s t s  a l s o  were made t o  i n v e s t i g a t e  whe the r  t h e  

mechanical  s u r g e s  produced by rap id  p r e s s u r i z i n g  of LOX i n  t i t a n i u m  tanils  

could  i n i t i a t e  a  r e a c t i o n .  

A schematic d iagram of the a p p a r a t u s  used f o r  t h e s e  t e s t s  i s  shown 

i n  FIG. 17.  One aluminum t a n k  (0.049 i n c h  gauge) and one s t a i n l e s s  s t e e l  

tank (0.049 inch gauge) were used i n  p l a c e  of t h e  t e s t  specimen i n  o r d e r  

t o  a d j u s t  t h e  p r e s s u r e  c y c l i n g  d e v i c e .  The aluminum t a n k ,  f i l l e d  w i t h  and 

surrounded by l i q u i d  n i t r o g e n ,  was i n s t a l l e d  f i r s t  and f a i l e d  dur ing  t h e  

f i r s t  p r e s s u r e  c y c l e  a t  1000 p s i g .  T h i s  f a i l u r e  occur red  i n  a  v e l d  seam 

and p r o g r e s s e d  through t h e  lower hemisphere t o  the  welded f i t t i n g  ( s e e  

FIG. 1 8 ) .  There was no r e a c t i o n  involved i n  t h i s  f a i l u r e .  The aluminum 

tank was r e p l a c e d  by a  s t a i n l e s s  s t e e l  t a n k ,  which w i t h s t o o d  approximate ly  

200 c y c l e s  d u r i n g  ad jus tment  of the c y c l i n g  dev ice .  Th i s  t a n k  was a l s o  

surrounded by and f i l l e d  w i t h  l i q u i d  n i t r o g e n .  A f t e r  t h e  d e s i r e d  p r e s s u r e  

c y c l e  was o b t a i n e d  (FIG. 19) two t i t a n i u m  t a n k s  (0.063 i n c h  w a l l )  were 

t e s t e d .  Each t a n k ,  f i l l e d  w i t h  l i q u i d  oxygen and surrounded by l i q u i d  4 I 
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4 i n i t r o g e n ,  s u c c e s s f u l l y  w i t h s t o o d  250 p r e s s u r e  c y c l e s  w i t h  no f a i l u r e s  o r  

r e a c t i o n .  A t h i r d  t a n k ,  d u p l i c a t e  i n  c o n s t r u c t i o n  and m a t e r i a l ,  was i n -  

s t a l l e d  i n  the  p r e s s u r e  c y c l i n g  dev ice  and f i l l e d  w i t h  l i q u i d  oxygen b u t  

surrounded by ambient a i r .  Th i s  t ank  a l s o  wi ths tood 250 c y c l e s  w i t h  no 

f a i l u r e  o r  r e a c t i o n .  The p r e s s u r i z i n g  medium f o r  t h e  aluminum and s t a i n l e s s  

s t e e l  t a n k s  was h igh  p r e s s u r e  a i r ,  and f o r  the  t i t a n i u m  t a n k s ,  i t  was gas -  

eous  oxygen. 

D, ACOUSTIC ENERGY 

1. U l t r a s o n i c .  Liquid l e v e l  d e t e c t o r s  i n  LOX systems f r e q u e n t l y  

a r e  of a  type  employing a n  u l t r a s o n i c  p robe .  It i s  known t h a t  u l t r a s o n i c  

c l e a n i n g  can  erode h o l e s  through t h i n  aluminum f o i l s .  Fur thermore,  i t  i s  

unders tood  t h a t  t h e o r e t i c a l l y  the  p r e s s u r e  and t empera tu re  i n  the  c a v i -  

t a t i o n a l  bubbles  a r e  v e r y  h i g h .  Thus a  c u r s o r y  t e s t  was made i n  o r d e r  t o  

4 b o b t a i n  l i m i t e d  in format ion  a s  t o  whether  such  an environment  could  i n i t i a t e  

a  r e a c t i o n  between t i t a n i u m  and LOX. 

Titanium coupons were p laced  i n  LOX and s u b j e c t e d  t o  u l t r a -  

s o n i c  e n e r g y  (FIG. 20) .  Conmercial u l t r a s o n i c  c l e a n i n g  equipment was used 

f o r  t h i s  purpose .  A t  a  maximum power t h e  g e n e r a t o r  o u t p u t  was 400 w a t t s ,  

and was coupled t o  a  25 k c  magneto s t r i c t i v e  t r anducer .  A dummy run  was 

made w i t h  o n l y  LOX i n  t h e  s t a i n l e s s  s t e e l  c o n t a i n e r  t o  o b t a i n  t h e  evapor-  

a t i o n  t ime ( i . e . ,  10-15 m i n u t e s ) .  Three  r u n s  then were made wi th  two i n c h  

d iamete r  t e s t  d i s c s ;  one each  of 0 .010,  0 .025 ,  and 0.063 inch t h i c k n e s s  

f o r  15 minu tes  d u r a t i o n .  No r e a c t i o n s  occur red .  

The u l t r a s o n i c  energy l e v e l s  under t h e s e  t e s t  c o n d i t i o n s  un- 

doubted ly  a r e  f a r  h i g h e r  t h a n  those  used i n  l i q u i d  l e v e l  d e t e c t o r s ,  and 

I B 
thus  it might  be i n f e r r e d  t h a t  u l t r a s o n i c  l e v e l  d e t e c t o r s  a r e  s a f e  f o r  

use  i n  titanium-LOX sys tems .  While t h e  test r e s u l t s  a r e  i n d i c a t i v e ,  t h e  
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s o n i c  f r e q u e n c i e s  of c l ea i i ing  and d e t e c t o r  ins t ruments  a r e  unders tood t o  4 - 
be q u i t e  d i f f e r e n t  and c o u l d  a f f e c t  t h e  c a p a b i l i t y  t o  i n i t i a t e  a  r e a c t i o n .  

Thus, b e f o r e  a c t u a l l y  employing an u l t r a s o n i c  l i q u i d  l e v e l  d e t e c t o r  i n  LOX 

systems c o n t a i n i n g  t i t a n i u m ,  i t  would be a d v i s a b l e  t o  make a  s imple  t e s t  

of t h e  p a r t i c u l a r  d e t e c t o r  proposed f o r  u s e  i n  the  i n t e n d e d  s e r v i c e  ap-  

p l i c a t i o n  b e f o r e  assuming t h a t  no a p p r e c i a b l e  hazard  i s  p r e s e n t .  

2 .  Sonic. Limi ted  t e s t s  were made i n  o r d e r  t o  i n v e s t i g a t e  whe the r  

t h e  s o n i c  energy  l e v e l s  a r e  o t h e r  env i ronmenta l  c o n d i r i o n s  a s s o c i a t e d  w i t h  

c l o s e  p rox imi ty  t o  a  r o c k e t  engine  f i r i n g  cou ld  i n i t i a t e  t h e  t i t a n i u m -  

oxygen r e a c t l o n .  

Two 0.010 i n c h  w a l l  t i t a n i u m  t a n k s  f l l l e d  w l t h  LOX were l o c a t e d  

about  8 f e e t  from a  r o c k e t  motor (FIG. 21) .  A 4000-lb t h r u s t  l i q u i d  oxygen- 

kerosene r o c k e t  engine  was f i r e d  t o  produce a  150 db.  a c o u s t i c  p r e s s u r e  

l e v e l .  The t i t a n i u m  t a n k s  were f i l l e d  w i t h  LOX p r i o r  t o  e a c h  t e s t  and LOX 

e v a p o r a t i o n  was u t i l i z e d  t o  m a i n t a i n  a p r e s s u r e  of a p p r o x i m a t e l y  50 p s i g  i n  

t h e  t a n k s .  

Four t e s t s  were  conducted w i t h  t h e  LOX f i l l e d  t i t a n i u m  t a n k s  

exposed t o  a  nominal sound p r e s s u r e  l e v e l  of 150 d e c i b e l s .  Three  of  t h e s e  

t e s t s  were  of 60 seconds d u r a t i o n  and one was of 30 second ,  f o r  a  t o t a l  

t e s t  t ime  of 210 seconds .  FIG. 22 d e p i c t s  t h e  average sound p r e s s u r e  l e v e l  

f o r  a l l  of  t h e  t e s t s  a t  t h e  two microphone p o s i t i o n s  shown i n  FIG. 21.  The 

t a n k s  were  n o t  a f f e c t e d  by t h e s e  c o n d i t i o n s .  

E .  THERMAL EFFECTS 

Ti tanium i n  c o n t a c t  w i t h  oxygen i n  t h e  space v e h i c l e  tanks  cou ld  

be exposed t o  e l e v a t e d  t e m p e r a t u r e s  from a  number of s o u r c e s ,  such a s  a e r o -  

dynamic h e a t i n g ,  o r  p r o x i m i t y  t o  r e t r o  a n d / o r  u l l a g e  r o c k e t  e x h a u s t s .  I n  

a d d i t i o n ,  i f  a l e a k  o c c u r s  i n  a  LH2 t a n k  f a b r i c a t e d  from t i t a n i u m ,  i g n i t i o n  
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of the ensuing gas (which i s  highly probable from spurious sources) w i l l  

I b r e s u l t  i n  heat ing of the wa l l .  Based on chemical cons ide ra t ions ,  i t  i s  

not expected t h a t  t h i s  could r e s u l t  in  a  reac t ion  5etween the  t i tanium and 

hydrogen. However, a s  the  l iquid  hydrogen supply diminishes the e x t e r i o r  

sur face  of the t i tanium w i l l  become exposed t o  e leva ted  temperatures i n  

contact  wi th  a i r .  

~ i t e r a t u r e  sources on the thermal igr.ition of t i tan ium are  incon- 

s i s t e n t .  Dean and Thompson reported t h a t  t i tanium ign i t ed  a t  approximately 

0 0 
920 C (1700 F) i n  a  300 ps i a  oxygen environment and 1315OC (2400'~) a t  

50 p s i a .  (16) Titanium was f a r  more r e a c t i v e  i n  an oxygen atmosphere than 

any of the  metals they t e s t e d ,  which included aluminum, s t a i n l e s s  s t e e l ,  

coba l t  and n icke l  a l l o y s ,  and copper. I g n i t i o n  of t i t an ium occurred 200 '~  

(250'~) t o  800°c ( 1 0 0 0 ~ ~ )  below the mel t ing  point  (1800°c, 3272OF, f o r  

elemental t i tanium) and the  t e s t  specimens were completely destroyed. On the  

I B other  hand, H i l l ,  Adamson, Poland, and Bresse t t e  repor ted  spontaneous 

i g n i t i o n  of t i tanium i n  oxygen a t  500 p s i a  a t  1150°c ( 2 1 0 0 ° ~ ) ,  320°C ( 400'~) 

higher than  t h a t  repor ted  by Dean and Thompson a t  300 ps i a .  (17) . H i l l ,  e t  a l . ,  

a l s o  r epor t ed  t h a t  t i t an ium spontaneously ign i t ed  i n  a i r  a t  approximately 

1 6 0 0 ~ ~  ( 2 9 0 0 ~ ~ ) .  

Tes t s  were made t o  inves t iga t e  whether d i r e c t  impingement of hydrogen/ 

a i r  flames would i g n i t e  t i taniumin a i r .  Laboratory type t e s t s  were made by 

modifying the t i tanium d i s c  container  f i x t u r e  shown previous ly  i n  FIG 17. 

A small hole  (0.010-inch diameter was d r i l l e d  i n  the 0.010-inch t i tan ium 

d i sc  and a s imi lar  d i s c  without  a  hole was placed p a r a l l e l  t o  the lower one 

a d  seve ra l  inches d i r e c t l y  overhead. A flow of gaseous H2 s u f f i c i e n t  t o  

maintain a  pressure of 5-10 ps ig  i n  the  conta iner  was begun and the escaping 

b gas i g n i t e d  by a  spark. Upper surface temperatures of both d i s c s  were monitored 

by thermocouples (FIG 23). . Four t e s t s  of approximately 10 minutes du ra t ion  each 
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were made, i n  which the spacing between the  t i tanium p l a t e s  were var ied  t o  ob ta in  

the h ighes t  temperatures. Under these t e s t  condi t ions ,  a  spacing of one inch  a 
r e su l t ed  i n  attainment of 1 2 0 0 ~ ~  (2200°F) on the top p l a t e ,  and 9 8 ' ~  ( 1 8 0 0 ~ ~ )  

on the lower p l a t e .  The t i t an ium was severe ly  embr i t t led  by these condi t ions ,  

a s  would be expected, and a  t h i n  white powder coat ing formed on the su r face  

(undoubtedly t i tanium dioxide) .  However, t h e  metal d i d  not  i g n i t e .  S imi lar  

t e s t s  with 2014-T6 aluminum r a t h e r  than t i tan ium,  produced mel t ing  (as expectdd) 

without appreciably r eac t ion .  

These r e s u l t s  i nd ica t ed  tha t  d e l e t e r i o u s  e f f e c t s  Jn t i tanium by a  

hydrogenlair flame a r e  much more l i k e l y  t o  be s t r u c t u r a l  weakening, i . e . ,  

embritt lement,  than i g n i t i o n .  

I n  order  t o  more nea r ly  s imulate  s e r v i c e  c o ~ d i t i o n s ,  burning t e s t s  we, 

made on two small t i tanium tanks (0.010-inch wal l )  i n su la t ed  ex te rna l ly  with 

one inch of polyurethane foam and f i l l e d  with LH2 and pressur ized  to  35 ps ig .  

The tanks were punctured wi th  a  118-inch diameter pointed p i n ,  and the ensuing 
4 I 

gas ign i t ed  by a  spark. The t e s t  continued u n t l l  a l l  of the hydrogen was con- 

sumed. I n  the  t e s t  on the second tank, add i t iona l  LH2 was allowed to flow f o r  

sometime i n t o  the tank during burning. A l l  of the i n s u l a t i o n  was burned o f f  

the tanks i n  both t e s t s .  Camera coverage showed t h a t  r c l a t i v e l y  in tense  f lames 

occurred, which occasional ly were loca l ized  t o  produce very severe hot spo t s .  

However, the  t i tanium did n o t  r e a c t  with e l t h e r  hqdrogen or  the  a i r .  FIGS 24a 

and 24b show the  appearance before  and a f t e r  t e s t ,  and FIG 25 shows an i n t e r n a l  

view of the  puncture and crack .  

These r e s u l t s ,  coupled with those repor ted  i r  the l i t e r a t u r e ,  i n d i c a t e  

t h a t  while  thermal i n i t i a t i o n  of a  r eac t ion  between t i tan ium and oxygen (or a i r )  

occurs f a r  more r e a l i l y  than s t r d n l e s s  s t e e l s ,  the necessary temperatures a r t  

higher than would normally occur i n  space k e h i c l e  tank app l i ca t ions ,  o r  be permiss- 4 ) 
ab le  f o r  maintenance of s t r u c t u r a l  i n t e g r i t y .  
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'l F. ORIFICES OR MECHANICAL FAILURE 

4 B A l imi ted  number of t e s t s  was made t o  inves t iga t e  whether some f laws 

or  de fec t s  i n  f ab r i ca t ion  of t i tanium tanks would serve t o  i n i t i a t e  a  r e a c t i o n  on 

subsequent use i n  oxygen systems. A sample d i s c  conta in ing  a  minute o r i f i c e ,  

which r e s u l t e d  from a  patch weld on 0.025-inch thick t i tan ium,  was p res su r i zed  

twice t o  100 p s i g  wi th  gaseous oxygen t o  a l l o y  a  stream of gas t o  pass  through. 

No r e a c t i o n  occurred. Another sample with a  minute crack i n  a  0.025-inch t h i c k  

d i sc  was pressure  f lexed wi th  100 ps ig  oxygen u n t i l  the crack propagated from 

114 t o  approximately 1-114 inches. No r e a c t i o n s  occurred i n  t h i s  ins tance  e i t h e r .  

A t e s t  tank which was being f ab r i ca t ed  from 0.010-inch t i tanium showed 

minute leakage a t  a  weld adjacent  t o  the boss.  I n  order t o  obta in  a  low 

temperature crack propagation t e s t ,  the tank was f i l l e d  wi th  l i q u i d  oxygen and 

a l l  f i l l  v e n t  po r t s  were c losed  to  allow build-up of pressure .  The paximum i n -  

t e r n a l  pressure  recorded w s s  57.0 ps ig ,  which was i n s u f f i c i e n t  to  rupture  t h e  

I )  vesse l .  An ex te rna l  oxygen pressure source,  whkh had been at tached t o  an i n -  

l e t  po r t  on the vesse l ,  was used t o  inc rease  the  i n t e r n a l  pressure  t o  125 p s i g ,  

a t  which po in t  the tank ruptured  a t  the weld seam (FIG 25) .  A clean break,  

without any evidence of r e a c t i o n ,  occurred. 

G .  FATIGUE FRACTURE 

It i s  believed t h a t  f r a c t u r e  of a  metal from f a t i g u e  i s  the culminat ion 

of a  process which begins a t  a microcrack i n  the sur face ,  and with f l exure ,  

propagates eventual ly to  f a i l u r e .  Others have reported i n  the  l i t e r a t u r e  t h a t  

s t r e s s  or  t e n s i l e  rupture  of t i t a i u m  i n  an oxygen environment has r e s u l t e d  i n  

only small f l a s h e s  and!or minute v i s i b l e  bu rn t  spots  on the f r a c t u r e  faces  

(see paragraph I1 .C. ) .  However, i t  was suspected t h a t  under f a t igue ,  oxygen gas 

entrapped i n  the  microf i ssures  could undergo ad iaba t i c  compression during f l e x u r e  

and i n i t i a t e  a  v i o l e n t  r e a c t i o n  with t i tan ium.  Consequently, experimental s t u d i e s  

) were made t o  inves t iga t e  whether f a t igue  of t i tanium specimens would i n i t i a t e  a 
v i o l e n t  r e a c t i o n  i n  an oxygen environment. 



-- 7 , - 
The apparatus used was a  Sonntag Fat igue Test ing Hachine, which was 

modified by placing a  h r a s s  bellows c losure  around the f l exure  f i x t u r e .  This  4 
area was thoroughly f lushed  wi th  gaseous oxygen and pressur ized  p r i o r  t o  t e s t .  

I n  order  t o  achieve the c o r r e c t  funct ions of the  machine it was necessary 

t o  "stack" a t  l e a s t  t h ree  of the specimens of 0.032-inch thickne.ss and l e s s ,  

i n  the t e s t  f i x t u r e .  These t h i n  specimens a l s o  were scored Lightly with a  f i l e  

i n  order  t o  achieve f r a c t u r e  within a  reasonable t e s t  du ra t ion  (up t o  t en  hours) .  

A t o t a l  of 19 specimens was f r ac tu red  (Table 26).  Violent r e a c t i o n s  

or sus ta ined  burning d id  n o t  occur i n  any case with 0.010- t o  0.125-inch t h i c k  

5A1-2.5Sn t i tan ium specimens, and oxygen pressures  £ram 20 t o  60 psig. The 

s i x  r e a c t i o n s  noted i n  e i g h t  t r i a l s  of the 0.025-inch t h i c k  mater ia l  a t  50-60 

ps ig  were observed only a s  minute "burnt" s p o t s  on the  f r a c t u r e  faces .  These 

r e s u l t s  were very s imi l a r  t o  those repor ted  by Jackson, M i l l e r ,  Boyd, and Fink 

from t e n s i l e  rup tu r ing  of c o m e r c ~ a l l ~  pure t i tanium a t  60 p s i g  oxygen. (11) 

A t yp ica l  "burnt" spot  i s  shown i n  FIG 27. Flashes mav have accompanied rup tu re  of 

t h i s  specimen; however, v i s u a l  observation.. w e r e  not  poss ib l e  i n  t h i s  t e s t  

apparatus.  

These r e s u l t s  i n d i c a t e  t h a t  i n i t i a t i o n  of a  r e a c t i o n  between t i t an ium 

and oxygen due to  f a t i g u e  cracking i s  not  a  ser iobs  hazard. 

H. SPARK SENSITIVITY 

E l e c t r i c a l  devices ( level  d e t e c t o r s ,  e t c . )  f r equen t ly  a re  used i n s i d e  

space v e h i c l e  LOX tanks. Furthermore, the accumulation of e l e c t r o s t a t i c  

charges a s  a  r e s u l t  of f l u i d  flow i s  wel l  known. Because t h e  r e s u l t s  of 

t h e  va r ious  t e s t s  described above indica ted  a  r e l a t i v e  high r eac t ion  s e n s i t i v i t y  

of t i t a n i u d o x y g e n  systems t o  var ious  s t i m u l i ,  cons idera t ion  was given t o  t h e  

p o s s i b i l i t y  of  accumulating a  s u f f i c i e n t  charge (due t o  e l e c t r i c a l  components o r  
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t o  v i b r a t i o n  and s losh ing  of the l i qu id )  t o  c o n s t i t u t e  a  spark type i g n i t i o n  

4 ' source. 

To examine t h i s  p o s s i b i l i t y ,  an apparatus capable of subjec t ing  a  sample 

t o  a  wide range of spark  energ ies  was cons t ruc ted  and used t o  determine t h e  

r e l a t i v e  ease  of i g n i t i o n  of t i tanium and aluminum i n  gaseous oxygen. Some 

information a l s o  was obtained r e l a t i v e  t o  s t e e l .  

1. Apparatus and Procedure. The apparatus used f o r  t h i s  i nves t iga t ion  

(FIG 28) was e s s e n t i a l l y  t h a t  used fo r  t e s t i n g  explosives i n  the p a r t l y  confined 

conditio-.  by Brown, Kusler ,  and Gibson. (18) 

Two modif icat ions were used. I n  the f r r s t ,  the  sample cons is ted  of a  

'2.25 by 0.5-inch r ec t angu la r  sheet  of metal of the d e s i r e d  thickness.  The sample 

was placed on end i n  t h e  g l a s s  tube sample holder ,  the  a i r  displaced from the 

tube by gaseous oxygen e n t e r i n g  through a  small hole i n  t h e  s t a i n l e s s  s t e e l  

base. A spark of known energy discharged fro? a  s t e e l  phonograph needle which 

was brought i n t o  c lose  proximity wi th  the sample and immediately removed by 

means of a  s ing le  s t roke  plunger. In  the second modif ica t ion ,  the sample was 

prepared i n  the form of a n 5 ' .  bv l-inci2,with a  45 degree po in t  on 

one end. This  s t r i p  war z u k ; t i t ~ r ~ e 2  fer tEic phonograph needle and the spark  

. . allowed t o  d i s c h a r ~ e  Er~m t! i . 2 %  sa;lpIe t o  the  s t e e l  base p l a t e  in s ide  

the g l a s s  sampie nsl&r i:,c i - -  z . ~ .  r xai ac t iva ted .  

2 .  Resul ts .  s : ::\ r i r i t  a o d i f i c a t i o n  were d i r ec t ed  pr imar i ly  

toward a sce r t a in ing  t i ~ c  E:;i: f -* + mickness  on the spark energy requi red  

f o r  i g n i t i o n .  

RrsuLts f o r  t i tanium indica ted  t h a t  vezy low spark energ ies  su f f i ced  

fo r  i g n i t i o n  of samples of  0.005-inch thicknesses wi th  somewhat l a r g e r  ene rg ie s  

requi red  f o r  thicknesses of 0.007- and 0.010-inch. The r e s u l t s  were extremely 

( ) v a r i a b l e ,  however, and appeared t o  depend on the ex ten t  of confinement, oxygen 
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flowrate, point of impingement of the spark, and other variables. The results 

are therefore regarded as semiquantitative and only the range of spark energies 

for which ignitions were obtained (one to ten joules) is regarded as significant. 

Aluminum failed to igni.te with spark energies up to the maximum 

capacity of the apparatus (10 joules). 

The second modification of the test procedure was used in an attempt 

to obtain further indication of the effects of the several operating variables 

on theignitability of titanium. The results, however, did not differ greatly from 

those obtained with the first modification and the investigation was discontinued. 

It should be noted that the steel phonogragi needles used in the first 

modification were subjected to stimuli comparable to those to which the titanium 

samples were subjected in the second modification. Inasmuch as these needles 

were substantially unaffected by the test, it was concluded that the s p x k  

energies possible with this apparatus were insufficient for ignition of steel. 

It should b e  noted that in these tests ignition of titanium took 

place without an explosion, burning usually proceeded rapidly until the oxysen 

supply was cut off or the sample consumed. 

3. Conclusions. These semiquantitative results indicate that far lower 

spark energies are required for ignition of titanium than for aluminum or steel 

in gaseous oxygen 

I. PUNCTURE 

Puncture of space vehicle tanks may result from spurious, as well as 

environmental conditions (meteoroids), and the probability of such an occurrence 

is enhanced greatly with wall thicknesses of approximately 0.010-inch', rather than 

those comnonly employed in non-pressure stabilized structures. 



Spurious sources of puncture could include worker e r r o r s ,  and/or shrapnel 

( 1 from a ca t a s t roph ic  explosiot,  on another t e s t  stand. Environmental puncture 

could r e s u l t  from meteoroid punctures i n  space f l i g h t .  

A s  c i t e d  e a r l i e r  (paragraph II.D.), the Bendix Corporation obtained 

a  v i o l e n t  r e a c t i o n  on f i r i n g  an incendiary b u l l e t  i n t o  a  t i tan ium tank conta in ing  

LOX. Since no t e s t s  were repor ted  wi th  ord inary  b u l l e t s ,  t h e  importance of the  

incendiary na ture  of ~ h e  p r o j e c t i l e  i n  i n i t i a t i n g  the  r e a c t i o n  would not  be 

evaluated. 

Li t tam and Church reported t e s t s  i n  which a  0.005-inch thick t i t an ium 

diaphrzgmwas pressurized wi th  gaseous oxygen and punctured wi th  a  kn i f e  edge. ( 4 )  

Only two t e s t s  were made a t  50 psig i n  oxygen, and one a t  10 ps ig .  Vio lent  

and sus t a ined  burning occurred with both t e s t s  a t  the higher  pressure,  and no 

r e a c t i o n  occurred i n  the t h i r d  t e s t .  These r e s u l t s  s t rong ly  suggested 

tha t  puncture of 0.010-inch t i tanium diaphrams containing 50 ps ig ,  o r  

I ' s l i g h t l y  l e s s ,  of oxygen might produce v i o l e n t  r eac t ions .  

1. D i a p h w  Tes ts  

a .  Gaseous Phase. The f i x t u r c  f o r  these t e s t s  i s  shown i n  FIG 29. 

A 2-inch d i s c  of the sample t o  be punctured was used a s  a  diaphran t o  s e a l  t h e  

gas i n  t h e  lower conta iner .  Normally, the container  was f lushed  and pressur ized  

to  35-40 p s i  from a cy l inde r  of compressed oxygen. For low temperature t e s t i n g ,  

a  quant i ty  of l i q u i d  oxygen was placed i n  the  container  and s e l f - p r e s s u r i z a t i o n  

was use.  

In  the prel iminary phases of these t e s t s ,  s e v e r a l  shapes of  

puncturing t o o l s  were employed, a s  shown i n  FIG 30. Since no important d i f f e rences  

i n  r e s u l t s  were noted, the  118-inch pointed rod was a r b i t r a r i l y  se l ec t ed  a s  a 

standard,  and used i n  a l l  subsequent d i s c  puncture t e s t s  (except the d a r t s , w h i c h  

) a r e  s p e c i f i c a l l y  c i t e d  l a t e r ) .  The puncturing t o o l  was he ld  i n  pos i t i on  by a 

c o l l a r  and t h e  f i x t u r e  p laced  i n  the  impact s e n s i t i v i t y  t e s t e r .  The plununet and 
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guide r a i l  of the t e s t e r  were used simply t o  de l iver  s u f f i c i e n t  force  t o  d r i v e  
3 v  

the p i n  through the t e s t  d i s c .  Furthermore, t h i s  ope ra t ion  could be done i n  the 4 1 
e x i s t i n g  t e s t  f a c i l i t y ,  and with remote c o n t r o l s .  

Test  r e s u l t s  of diaphrzgm puncture t e s t s  i n  the  gaseous phase 

a re  s u m a r i z e d  i n  Table 27. These included various sample thicknesses,  m a t e r i a l s ,  

as  well  a s  ambient and low temperature gas.  From the o v e r a l l  viewpoint,  r eac t ions  

were obtained i n  a  t o t a l  of 49 times i n  57 t r i a l s ,  o r  86 percent  of the  time, 

with t i tan ium - from 0.010 t o  0.032-inch th i ck  and var ious  puncturing t o o l s .  

Furthermore, the r e a c t i o n s  on puncture were usual ly extremely 

v i o l e n t  and spec tacular ,  producing s i g n i f i c a n t  detonat ions or  rap id  combustion 

of a l l  of the  exposed t i t an ium (FIG 31). The detonat ions were accompanied by a  

very loud explosion which usua l ly  blew open the door of t h e  t e s t  c e l l  ( f r i c t i o n  

l a t ch ) .  De tona t ims  were much more f requent  i n  the low temperature than i n  the 

room temperature t e s t s .  This  may be due t o  a higher concent ra t ion  of oxygen 

present .  

No r e a c t i o n s  were obtained i n  47 t r i a l s  wi th  two aluminum 

a l loys  (2014-T6 and 6061-T6) under a  s i m i l a r  v a r i e t y  of t e s t  condit ions.  

Comparative t e s t s  were made a l s o  with a  type 301 s t a i n l e s s  s t e e l  diaphragm 

(0.012-inch thick)  a t  low temperatures.  No r eac t ions  occurred i n  t en  t r i a l s  

(FIG 32). Similar  puncture t e s t s  with t h i n  (0.006-inch) commerc,ially pure 

aluminum a t  room temperature a l s o  f a i l e d  t o  produce any r e a c t i o n s  i n  four  

t r a i l s  (Table 28). 

Because of the lower degree of reac t ion  frequency i n  impact 

s e n s i t i v i t y  t e s t i n g  of the  13V-llCr-3A1 t i tan ium a l l o y  (as  compared with the  

5Al-2.5% a l l o y )  s i x  0.025-inch th ick  d i s c s  were punctured while exposed t o  

gaseous oxygen a t  room temperature. Three burned v i o l e n t l y  t o  complete 

sample consumption, and one produced a  f l a s h .  Thus, t h i s  a l l o y  was n o t  
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s i g n i f i c a n t l y  l e s s  r e a c t i v e  than the 5A1-2.5Sn a l l o y  upon penet ra t ion  i n  con tac t  

( I ) 
with oxygen. 

I n  order  t o  obta in  f u r t h e r  comparisons of the  r e l a t i v e  

r e a c t i v i t y  of these m a t e r i a l s  with oxygen on the  b a s i s  of impact and puncture 

s e n s i t i v i t y  t e s t i n g ,  puncture t e s t s  were made on HK31 magnesium a l l o y ,  and an 

organic m a t e r i a l ,  Allpax 500. The l a t t e r  i s  rendered acceptable  i n  the impact 

s e n s i t i v i t y  t e s t  by impregnating with a fluorocarbon o i l  and i s  widely used a s  

a gasket  ma te r i a l  i n  MSFC LOX 5ystem.i. One f a i n t  f l a s h  was observed i n  20 

puncture t e s t s  on the magnesium (0.025-inch thick)  a t  room temperature, and no 

r eac t ions  occurred i n  f i v e  t r i a l s  with theAllpax (0.063-inch thick) a t  low 

temperature. These l imi t ed  t e s t s  i nd ica t ed  t h a t  the r e l a t i v e  r a t i n g  of ma te r i a l s  

based on puncture t e s t s  apparent ly c o r r e l a t e s  well with t h e  r a t i n g  based on impact 

s e n s i t i v i t y  t e s t s .  

The r e s u l t s  c l e a r l y  prove t h a t  penet ra t ion  of t i tanium diaphrams 

pressur ized  wi th  oxygen usua i ly  w i l l  produce a detonat ion o r  v i o l e n t  and r a p i d  

combustion of  the metal.  Similar  r e s u l t s  were obtained wi th  two t i tanium a l loys .  

Three common aluminum a l l o y s ,  one s t a i n l e s s  s t e e l ,  and a LOX compatible (based on 

impact t e s t s )  organic gasket  materia; were t e s t ed  and produced no r e a c t i o n s  under 

the same t e s t  condit ions.  Magnesj.um produced only very s l i g h t  evidence of  any 

r e a c t i v i t y  on puncture. 

(1) E f f e c t  of Gas Composition. Five 0.025-inch th ick  t i tan ium 

diaphragms were punctured while  exposed t o  100 psig a i r  i n t e r n a l l y .  Two f l a s h e s  

r e s u l t e d .  Two f l a shes  a l s o  were observed i n  three s i m i l a r  t e s t s  with 0.010-inch 

thick t i tanium. Thus, it appears t h a t  while  puncture of t i tan ium pressur ized  

with a i r  w i l l  produce a r e a c t i o n ,  it probably w i l l  no t  propagate to  y i e l d  a n  explosion. 
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a l s o  were made with gaseous n i t rogen a t  35-49 ps ig  on the  r eve r se  

.um diaphragms. Twc samples each of 0.010-inch and 0.025-inch th i ck  

t i tanium were punctured wi th  the 1/8-inch diameter pointed t o o l .  No r e a c t i o n s  

occurred i n  any of these t e s t s .  

(2) E f f e c t  of Pressure.  F i f t e e n  puncture t e s t s  were made 

using gaseous oxygen a t  pressures  from 20 t o  0 ps ig  (Table 29 ) .  The l a t t e r  

value was obtained with only a  t r i c k l e  flow of oxygen through the  conta iner  t o  

an open ven t .  Four r e a c t i o n s  s t i l l  occurred i n  f i v e  t r i a l s  a t  atmospheric 

pressure,  two of which sus ta ined  burning t o  sample consumption. 

(3) E f f e c t  of C o a t i n ~ s .  The e f f e c t i v e n e s s  of those coa t ings  

which p ro tec t ed  t i tan ium from reac t ing  i n  t h e  inpact  s e n s i t i v i t y  t e s t s  was i n -  

ves t iga t ed  under puncture condi t ions  (Table 30). E l e c t r o l e s s  n icke l  and e l e c t r o l e s s  

copper p l a t e d  t i tan ium diaphragms were punctured a t  ambient and LOX temperature. 

The coat ings  d i d  not  provide p ro tec t ion  from reac t ion  on penet ra t ion .  

Because of t h e  inherent  exposure of the f r e s h  surface of the base mater ia l  on 

penet ra t ion ,  it i s  doubtful t h a t  any sur face  coat ing could prevent  the t i tan ium 

from I e a c t i n g  under such condi t ions .  

Only one of s i x  t e s t s  with coated samples f a i l e d  to  produce 

sustained burning, and i n  t h i s  case,  the p i n  penetrated the diaphragm but  t h e  

puncture acc iden ta l ly  sea led  before apprec iable  gas escaped. This r e s u l t  suggests  

t ha t  a  gas flow across the f r e s h  surface i s  necessary to  i n i t i a t e  the r e a c t i o n  

on puncture. 

b. Liquid Phase. Studies  a l s o  were made t o  inves t iga t e  the e f f e c t  

of penet ra t ions  with l i q u i d  oxygen on the r eve r se  s ide.  I n  these t e s t s ,  the 

t e s t  diaphragm was placed i n  the  bottom of the  container  and punctured from below. 

This was accomplished by us ing  the plummet of impact s e n s i t i v i t y  t e s t e r  t o  d e l i v e r  

the puncturing force  through a "see-saw" l eve r  arm as shown i n  FIG 33. 



Reactions occurred twenty times i n  twenty-one t*ls, 15 wi th  

0.010-inch th ick ,  and 5 wi th  0.025-inch t h i c k  t i tanium (Table 31). I n  t h e  s ing le  

instance where no r e a c t i o n  occurred, the  puncture s e l f - s e a l e d  as  occurred once 

previously i n  the gas phase puncture t e s t s .  Of the  twenty r e a c t i o n s ,  e i g h t  were 

explosions and seven cons i s t ed  of v i o l e n t  sustained burning of the sample. 

I n  order  t o  obta in  some i n s i g h t  a s  t o  whether microscopic 

punctures wi th  a low energy dr iv ing  fo rce  would i n i t i a t e  a r eac t ion ,  s e v e r a l  t e s t s  

were made using a d a r t  a s  the puncturing t o o l .  A c a l i b e r  0.177 s t e e l  d a r t  was 

f i r e d  from a commercial a i r  p i s t o l  i n t o  :he 0.010 inch t h i c k  t i tanium diaphragm. 

One "sustained burning" r e a c t i o n ,  and t h r e e  f l a shes  r e s u l t e d  i n  four t r i a l s .  

A con t ro l  t e s t  i n  which t h e  d a r t s  were f i r e d  i n t o  a d iaphraga  i n  a i r  showed 

t h a t  the punctures were only severa l  hundred microns i n  diameter.  

In  comparative t e s t s ,  n e i t h e r  0.010-inch nor 0.025 inch 

aluminum (2014-T6) r eac ted  i n  ten puncture t r i a l s  each under the same t e s t  

( condi t ions .  TWO very weak f l a shes  were noted i n  10 t r i a l s  on 0.012 inch t h i c k  

301 s t a i n l e s s  s t e e l .  I t  i s  suspected t h a t  the l a t t e r  minor f l a shes  probably were 

e i t h e r  from the  puncturing p i n  (17-4 PH s t e e l )  and diaphragm, or  from the  mild s t e e l  

l eve t  arm s t r i k i n g  the t e s t  f i x t u r e .  However, t h i s  could n o t  be e a s i l y  d iscerned  

because t h e  "upside down" mode of t e s t  prevented d i r e c t  view of the puncturing 

process.  

Control t e s t s  a l so  were made by s u b s t i t u t i n g  LN2 f o r  LOX (Table 32). 

No r e a c t i o n s  occurred i n  t e n  t r i a l s  each wi th  0.010 inch and 0.025 inch t i tanium. 

2.  Tank Tes t s .  I n  order t o  more near ly  s imulate  se rv ice  conditions, 

f i v e  model tanks were f i l l e d  with LOX, pressur ized  t o  35-40 ps ig ,  and punctured. 

A l l  tanks were of s imi l a r  shape and s i z e  a s  shown i n  FIG 14 and i n i t a i l l y  were made 

with 0.063 inch th ick  wa l l s .  Three were made of 5A1-2.5Sn t i tan ium and two of 2014-T 

aluminum. When i t  was tound t o  be d i f f i c u l t  t o  puncture t h e  round head of these  tank 

4 b with the  1/8-inch diameter p ins  (because o f  mechanical l i m i t a t i o n s  of the  puncturing 

device, i . e . ,  the  p i n  gene ra l ly  s l i d  down t h e  s ide ) ,  the  puncture a r e a s  



were mi l led  down t o  0.025 t o  0.032 inch th ick  on one t i t an ium and one 

aluminum tank. On one of the t i tanium tanks,  the upper head was removed and 

replaced with f l a t  0.025 inch shee t .  

The most d r a s t i c  puncture t e s t  used was pene t r a t ion  by a  s tandard  

M-1  r i f l e  b u l l e t ,  i . e . ,  30-36 ca l ibe r  bronze jacketed lead  s lug.  The t e s t  setup 

is shown i n  FIG 34. The f i r s t  t e s t  was made with the aluminum tank. No 

r e a c t i o n  occurred. The b u l l e t  penetrated both s ides  of the  tank, leaving  clean 

holes .  

The titanlurri tank exploded under the same c o n d i t i ~ n s .  Remains of the 

tank a r e  shown i n  FIG 35. High speed motion p i c tu res  d i sc losed  t h a t  f a s t  and 

v i o l e n t  combustion occurred immediately on penet ra t ion ,  showering the  a r e a  with 

f l y i n g  p a r t i c l e s  of burning t i tanium. These burning p a r t i c l e s  subsequently 

exploded i n  f l i g h t .  The r eac t ion  appeared to  be subs id ing  somewhat when, 

severa l  t en ths  of a  second a f t e r  i n i t i a l  penet ra t ion ,a  de tonat ion  occurred.  

The t e s t  was not provided with b l a s t  i n s t r u m e n t a t i ~ n ;  however, the b l a s t  was very 

powerful. 

Tests a l s o  were rrade with the  milder p in  type punctures used i n  the 

diaphragm t e s t s .  The two mil led head tanks were used f o r  these.  The t e s t  setup 

and puncturing mechanism a r e  shown i n  FIG 36. 

An aluminum tank was k s t e d  f i r s t  and again f a i l e d  t o  r e a c t  on 

puncture. I n  the f i r s t  p i n  t e s t  on the t i tan ium tank, the  puncture se l f - sea l ed  

and no r e a c t i o n  occurred. I n  order t o  provide some information on the i n i t i a t i o n  

of r e a c t i o n s  i n  tanks by shock condi t ions ,  a  10-inch l eng th  of 40 g r /E t  

Primacord was taped t o  t h e  s i d e  of t h i s  conta iner .  (None of  the  previous shock 

s e n s i t i v i t y  t e s t s  were made with tanks.) The tank was r e f i l l e d  with LOX and was 

being pressur ized  when a n  explosion occurred spontaneously. The Primacord had 
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) not been s e t  o f f  a t  the  time. It i s  suspected t h a t  the  p i n  may have been j a r r ed  

loose dur ing  p res su r i za t ion  and the escaping gas igni ted  t h e  ti tanium. High 

speed camera coverage of t h i s  explosion d isc losed  the same delayed de tonat ion  

process a s  occurred i n  t h e  b u l l e t  puncture. The explosions from both tanks were 

of the same r e l a t i v e  degree of b l a s t  i n t e n s i t y .  The remains of t h i s  tank were 

s imi l a r  t o  those of the  previous t e s t .  

Another p i n  puncture t e s t  was made using a t i t an ium tank i n  which 

the top head was replaced by a 0.025 inch f l a t  shee t .  An explosion and delayed 

detonat ion again occurred. 

Resul ts  of t hese  t e s t s  a r e  summarized i n  Table 3 3 .  The t i t an ium 

tanks exploded i n  a l l  t h r e e  t r i a l s  on puncture. Neither of t h e  two aluminum 

tanks r eac ted  under the  same condit ions.  

Concurrent wi th  these t e s t s  a t  MSFC, the Lewis Research Center f i r e d  

( s t e e l  and Nylon p e l l e t s  (7/32-inch diameter) i n t o  a 0.025-inch thick t i tan ium 

diaphragm, which was exposed t o  LOX i n t e r n a l l y .  (19) Violent  explosions r e s u l t e d  

with both types of p r o j e c t i l e s .  

3 .  Meteoroid Simulation Tes ts .  The nature of the  problem incurred  by 

meteoroid impacts i n  space f l i g h t  i s  i l l  defined.  Although much work has been 

reported i n  t h i s  f i e l d ,  t h e r e  s t i l l  e x i s t s  a very high degree of uncer ta in ty  of 

p red ic t ions  of meteoroid impacts and t h e i r  e f f e c t s  on space vehic les .  For example, 

the range of meteoroid d i s t r i b u t i o n  curves published by Whipple ind ica t e s  t h a t  

the p r o b a b i l i t y  of meteoroid p a r t i c l e s  capable of pene t r a t ing  t o  a 0.010-inch 

dept)lin aluminum v a r i e s  from 10 i n  24 hours t o  one i n  t h r e e  years  (10'~ t o  

per square meter of sur face .  (20) 

The r e s u l t s  of the  previous puncture t e s t s  s t rong ly  ind ica t ed  t h a t  

pene t r a t ion  of t i tan ium tanks  c m t a i n i n g  LOX by a s ing le  meteoroid encountered i n  

space f l i g h t  could r e s u l t i n  a ca tas t rophe .  



C r consequen t ly ,  i t  was decided to i n v e s t i g a t e  t h e  behav io r  of 

t i t a n i u m  diaphragms, p r e s s u r i z e d  w i t h  LOX, upon s imula ted  meteoro id  p u n c t u r e s .  

Since  meteoro id  s i . n u l a t i o n  f a c i l i t i e s  were  n o t  a v a i l a b l e  a t  MSFC, t h e  work wac 

done under c o n t r a c t  by two independent  companies.  

The General  Dynamics /As t ronau t i c s  (GD/A) C o r p o r a t i o n  f i r e d  0 . 1  t o  

0 .2  g. s t e e l  p r o j e c t i l e s  th rough  a i r  a t  v e l o c i t i e s  from 9,100 t o  15,900 f t / s e c  

i n t o  t i t a n i u m ,  aluminum, and s t a i n l e s s  s t e e l  diaphragms, i n t e r n a l l y  p r e s s u r i z e d  

I n  t h i s  s t u d y ,  two diaphragms were  t e s t e d  s i m u l t a n e o u s l y  by u s e  a s  

f r o n t  and back c l o s u r e s  f o r  a  c y l i n d e r  l y i n g  a l o n g  t h e  p a t h  o f  t h e  p r o j e c t i l e .  

Using t i t a n i u m  d i s c s ,  t h e  back  diaphragm i g n i t e d  and b u r n t  v i o l e n t l y  15 t i m e s  i n  

16 t e s t s .  T e s t  c o n d i t i o n s  i n c l u d e d  bo th  t h e  5A1-2.5Sn a l l o y  and the  6Al-4V 

a l l o y ,  i n  t h i c k n e s s e s  of 0 .025 ,  0.016,  and. O.Cl4-inch,  gaseous  oxygen a t  room 

temperature  o r  LOX, and p r e s s u r e s  of 20 and 60 p s i g .  The f r o n t  diaphra&m r e a c t e d  
4 '  

l e s s  o f t e n ,  b u t  s t i l l  i n  o v e r  one-hal f  o f  t h e  t e s t s  

Con t ro l  t e s t s  u s i n g  60 p s i g  K7 or z e r o  p s i s  a i r  w i t h  t i t a n i u m  diaphragms - 
produced no r e a c t i o n s .  E i g h t  t r i a l s  w i t h  0.016-inch t h i c k  2024-T3 aluminum d i s c s  

(60 p s i g  - GOX and LOX), and seven t r i a l s  w i t h  0.010-inch t h i c k  301-XFH s t a i n l e s s  

s t e e l  a l s o  f a i l e d  t o  r e a c t .  Howcver, s i i g h t  o s i d a c i o n  was n o t e d  around some of  the  

p e n e t r a t i o n s  i n  aluminum. 

GDIA a l s o  i n v e s t i g a t e d  whcther sandwiching of  t h e  t i t a n i u m  between 
I 

I aluminum o r  s t a i n l e s s  s t e e l  p l a t e s  would d i m i n i s h  the  r e a c t i v i t y .  Diaphragms 

I c o n s i s t i n g  o f  2014-T3 aluminum, then 6A1-4V t i t a n i u m ,  then  2014-T3 aluminum 



Both i g n i t e d  and burnt  v i o l e n t l y .  Furthermore, the t i t an ium r e a c t i o n  

ign i t ed  the  aluminum, vnich a l s o  burnt  v i o l e n t l y .  

Similar r e s u l t s  were obtained with sandwich diaphragms of 0.016 

inch 6A1-4V t i tanium encased i n  two l aye r s  of 0.010-inch 301 XFH s t a i n l e s s  s t e e l .  

The s t e e l  a l s o  was burned extens ive ly .  

Resul ts  from these sandwich t e s t s  show t h a t  c ladding of tite..ium 

with aluminum or  s t a i n l e s s  s t e e l  not only w i l l  not prevent  t i tanium from r e a c t i n g  

with oxvgen upon puncture, but  the t i tan ium reac t ion  w i l l  t r i g g e r  burning of  the 

"pro tec t ive"  ma te r i a l .  

I n  the preceding t e s t s ,  the p a r t i c l e s  were f i r e d  through the  a i r .  

At such high v e l o c i t i e s  the  p a r t i c l e s  probably were heated by f r i c t i o n  i n  f l i g h t .  

Bctnuse i t  was suspected t h a t  i g n i t i o n  may have been t r igge red  by the  hot  p a r t i c l e  ' r eac t ing  wi th  the a i r ,  t i t an ium,  and/or oxygen, experimenral work a l s o  w a n  done by 

f i r in: :  the p a r t i c i ~ s  through 2 vacL9urn. This  work was done by the Utah Research 

''> and Drvclatmcnt C>r+z?an:. . (--, 

T i .  _.Le s m c  type _I£ t e s t  f i x t u r e  was employed a s  previously,  i . e . ,  a  

hor izonta l  cy l inder  virii diaphragms of the  t e s t  mater ia l  i n  both ends, except  t h a t  

she f r o n t  face  formed the b a r r i e r  between the nxygen ( in s ide  the cy l inder )  and 

the vacuum chamb~r .  Thc pressure i n  the vacuum chanber was approximately 250 

Hg, and the  ox)gen prcssurc was 60 ps ig  i n  a l l  t e s t s .  

Sc.veral t > p e s  of guns were t r i e d .  Using a  powder gun and spray 

technique, 5 t o  15 mlcron s i z e  p a r t i c l e s  were acce lera ted  t o  25,000 t o  29,000 

f t f s e c .  fI,wever, the  p a r t i c l e s  did not  pene t r a t e  the  t a r g e t  diaphragms ( t i tanium) 

and no r e a c t i o n  occurred i r  four  t r i a l s .  By using a  l i g h t  gas gun, 1/16-inch 

diameter s t e e l  spheres were acce lera ted  t o  10,000 t o  17,700 f t f s e c .  



Three t e s t s  were made using both jA1-2.5% and 6Al-4V t i t an ium a l loy  diaphragm: 

(2 per run) a t  thicknesses of 0.016 and 0.025-inch. 'IUo were run with GOX 
( , I  

(room temperature) and one wi th  LCX. A 1 1  s ls  diaphragms burned upm puncture. 

Both of the diaphragms were completely consumed i n  the LOX t e s t .  Surning k a s  not  

a s  extensive i n  the  gaseous phase t e s t s ,  due perhaps t o  dep le t ion  of the  oxygen 

supply. 

Using e i t h e r  GOX or  LOX, no r eac t ions  occurred upon puncture of 

301-XFH s t a i n l e s s  s t e e l  (0.010-inch thick)  or  702i-T3 (0.016-inch thick)  

diaphragms under the same t e s t  condit ions a s  above. Howver, i n  both (aluminum 

and s t e e l )  t e s t s  i n  the  l i q u i d  phase, the diaphra@s were ruptured  mechanically.  

No burning occurred. It i s  suspected t h a t  t h i s  *as caused by hydrodynamic pressures  

following impact of the high ve loc i ty  p a r t i c l e  with the l i q u i d ,  and/or a l o c a l i z e d  

r eac t ion  of the  p e l l e t  and t h e  oxygen upon f r i c t i o n a l  hea t ing  i n  passage through 

the  l i qu id .  Tes ts  a l so  were made using the 1116-inch diameter s tee l  spheres a t  4 I 
v e l o c i t i e s  of only 610 t o  650 f t l s e c .  Four t i tan ium diaphragms were penet ra ted  

using LOX i n t e r n a l l y .  In  these  t e s t s ,  the p r o j e c t i l e s  did n o t  have s u f f i c i e n t  

encrgy t o  pene t r a t e  the r e a r  diaphragm. No r e a c t i o n  occurred i n  one case. 

However, the  o ther  three  diaphragms exploded and burnedviolent ly,  consuming 

roughly s i x t y  percent of the  metal .  

For comparative purposes, gaseous hydrogen a t  60 p s i g  was 

s u b s t i t u t e d  f o r  the oxygen i n s i d e  the cy l inde r .  Two t e s t s  were made i n  which 

1116-inch s t e e l  spheres a t  16,000-l7,OOG f t l s e c  penetrated 0.016-inch t i t an ium 

diaphragms. No rezc t ions  occurred.  



4. Summary. Based upon considerable experimental work a t  MSFC, 

and a d d i t i o n a l  t e s t s  by four  other  l a b o r a t o r i e s ,  i t  i s  concluded t h a t  t i t an ium 

tanks, o r  diaphragms , conta in ing  oxygen w i l l  almost always r e a c t  v i o l e n t l y ,  . 

and f requent ly  explode, upon puncture. I g n i t i o n  of the r e a c t i o n  apparent ly  

is independent of composition of the pene t r a t ing  p a r t i c l e  o r  t oo l ,  o r  mode 

of puncture. Coatings which reduced the shock or impact s e n s i t i v i t y  of 

t i tanlum wi th  oxygen were not  p ro tec t ive  under these condi t ions .  

Aluminum o r  s t a i n l e s s  s t e e l  a l l o y s  did not  r e a c t  under the 

same t e s t  condit ions.  



V I ,  COMPARISON OF RELATIVE MATERIALS 
REACTIVITY RATINGS USING DIFFERENT TEST METHODS 

I n  t h e  p reced ing  s e c t i o n s ,  f o u r  ma jor  t y p e s  of c o n d i t i o n s  were found 

capable  of  c a u s i n g  t i t a n i u m  t o  r e a c t  w i t h  oxygen,  i. e . ,  impact ,  shock ,  

punc tu re ,  and spa rk .  The i n v e s t i g a t i o n  a l o n g  each of t h e s e  l i n e s  c o n s t i -  

t u t e d  a  d i f f e r e n t  type  of " s e n s i t i v i t y "  t e s t  method. I n  a d d i t i o n  t o  t i -  

tanium, aluminum a l s o  was t e s t e d  by a l l  f o u r  methods, and s t a i n l e s s  s t e e l ,  

magnesium, and o r g a n i c  g a s k e t  m a t e r i a l s  were t e s t e d  by t h r e e  of t h e  methods.  

Ra t ings  of t h e  r e l a t i v e  r e a c t i v i r r y  of t h e s e  m a t e r i a l s  w i t h  oxyjien based 

on a l l  f o u r  methods a r e  shown i n  Table 3Li. A l l  of t h e  r a t l n g s  c o r r e l a t e  

w i t h  each  o t h e r  ve ry  w e l l ,  and  a r e  i n  agreement w i t h  t h e  r e l a t i v e  reac -  

t i v i t y  based  on chemical  c o n s i d e r a t i o n s .  Fur the rmore ,  t h e  c o r r 2 b o r a t l m  

of r a t i n g s  based on t h e  impact  s e n s i t i v i t y  t e s t  method 3) a l l  af the o t h e r  

t h r e e  methods l ends  c o n s i d e r a b l e  suppor t  o t  t h e  v a l i d i t y  of t h ?  i o m e r  

mzthod and i t s  r e s p e c t i v e  c r i t e r i a  f o r  a c c e p t a n c e  of m a t e r i a l s  f o r  LCX 

s e r v i c e .  T h i s  i s  t h e  t e s t  method most w i d e l y  used i n  t h e  s p a c e  v e h i c l e  

i n d u s t r y  t o  e v a l u a t e  t h e  c o m p a t i b i l i t y  of m a t e r i a l s  w i t h  LOX. 



I 0  VII . OVERALL SUMMARY 

This study was made t o  inves t iga t e  whether t i tanium reac ted  with oxygen 

under a  v a r i e t y  of condi t ions  assoc ia ted  wi th  space v e h i c l e s ,  and i f  the 

t i tanium could be t r e a t e d  o r  coated t o  e l imina te  such hazards.  

The impact s e n s i t i v i t y  t e s t  method was used t o  i n v e s t i g a t e  the e f f e c t  

of var ious  a l l o y s ,  weldments, sur face  t rea tments ,  coa t ings ,  and other  

f a c t o r s  upon the r e a c t i v i t y  of t i tanium wi th  oxygen. Those f a c t o r s  which 

general ly d i d  not s i g n i f i c a n t l y  a f f e c t  the impact s e n s i t i v i t y  of t i tanium 

i n  LOX included po l i sh ing ,  the nature of the  mating su r faces ,  or  phosphate, 

anodized, o r  ceramic coa t ings .  Impact s e n s i t i v i t y  a l s o  was e s s e n t i a l l y  

independent of the type of t i tanium a l l o y  and weldments d i d  not  a f f e c t  the  

s e n s i t i v i t y .  Pickl ing or  pas s iva t ion  of the  metal,  or  the presence of g r i t ,  

markedly increased the r e a c t i v i t y .  Deburring of edges, t h e  oxide layer  
( 1 1  

formed by annealing, "Teflon" coa t ings ,  o r  n i t r i d i n g  decreased the r e a c t i v i t y  

but s t i l l  d i d  not s u f f i c i e n t l y  desens i t i ze  the  mater ia l  t o  render i t  

acceptable.  E lec t ro l e s s  o r  e l ec t rop la t ed  copper or  n i cke l  coat ings d id  

s a t i s f a c t o r i l y  p ro tec t  the  t i tanium from impact s e n s i t i v i t y  i n  LOX i f  the  

former type of coatrngs were 0 . 2  -0 .3  m i l  t h i c k ,  and the l a t t e r  - 1 m i l  

th ick .  Since adhesion of the  nickel  coa t ings  general ly is poor,  the copper 

coat ing i s  prefer red .  

The following environmental condi t ions  f a i l e d  t o  induce react ior .  of 

t i tanium wi th  oxygen ( in  t h e  p a r t i c u l a r  t e s t s  employed): 

- Vibra t ion  - high frequency, low amplitude - t o  20 G ' s  

- low frequency, high amplitude - ' ' R ~ t a p ' ' ~ ~ ~ h i ~ ~  

- Pressure  Cycling - t o  1500 p s i g  

- Acoust ic  Energy - 27 kc u l t r a s o n i c  v i b r a t i o n s  

- 150 db sonic l e v e l  near  rocket  motor 
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- Heating i n  A i r  - t o  1 2 0 0 ~ ~  ( 2 2 0 0 ~ ~ )  with a  Hzlair  flame 

- Small o r i f i c e s  o r  p re s su r i za t ion  t o  rupture  ( l i d i t e d  t e s t s )  
( 4  

- External  Impacts - up t o  144 f t l l b s  energy through a  1!2 inch 

diameter area ( l imi ted  t e s t s )  

Although comparatively high spark energ ies  (several  joules)  were 

necessary t o  i g n i t e  0.010 inch thick t i tan ium i n  oxygen, t h i s  combination 

was f a r  more suscept ib le  t o  spark i n i t i a t i o n  than aluminum o r  s t e e l  i n  

oxygen. 

The shock s t imul i  produced by small detonator  caps a l m e  were 

s u f f i c i e n t  t o  i n i t i a t e  explosive r eac t ion  of t i tanium i n  con tac t  with 

oxygen. Under the same t e s t  condit ions,  an extremely heavy shock, 

i . e . ,  250 g r / f t  Primacord p l u s  detonator caps,  were r equ i red  t o  i n i t i a t e  

r e a c t i o n  of aluminum i n  oxygen. S t a i n l e s s  s t e e l  could not  be made t o  

r e a c t  with oxygen under the  most d r a s t i c  shock condit ions t r i e d  

(400 g r / f  t Primacord) . 

Titanium tanks conta in ing  LOX andlor  GOX w i l l  almost always r e a c t  

v i o l e n t l y ,  and frequently de tonate ,  upon puncture. This occurred whether 

penet ra t ion  was accomplished by p ins ,  d a r t s ,  b u l l e t s ,  Nylon or  s t e e l  

p e l l e t s ,  o r  simulated meteoroids f i r e d  through a i r  o r  a  vacuum. Aluminum 

or  s t a i n l e s s  s t e e l  tanks o r  diaphragms d id  not  r e a c t  under these  same 

t e s t  condi t ions .  Violent  r eac t ions  occurred whether the conta iner  was 

pressur ized  o r  not. However, when a i r  was s u b s t i t u t e d  f o r  the  oxygen, 

only f l a s h e s  r e s u l t e d  without  appreciable propagation of t h e  r eac t ions .  

E l e c t r o l e s s  copper o r  n i cke l  coa t ings  (0.2 - 0 .3  m i l  t h i ck )  decreased 

the shock s e n s i t i v i t y  i n  LOX but  the composite mater ia l  was s t i l l  more 

s e n s i t i v e  than aluminum. These coat ings d i d  not  appreciably decrease the  

r e a c t i v i t y  upon puncture. ( 4  



4 
On the basis of the findings of these studies, titanium if not 

recommended for construction of thin walled LOX tanks for space vehicles. 

The reactivity of titanium with oxygen upon punc:ures, impacts, or shock 

stimuli should be thoroughly considered prior to use in other applications 

in space vehicles 
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Mater ia l  

TABLE 1. 
COMPARATIVE LOX ZMFACT SENSITIVITY OF VARIOUS MATLRIALS 

Acceptable Mater ia l s  

Teflon based ma te r i a l s  
inorganic composites 
(26 v a r i o u s  types) 

Fluorotrichloroettiylene 
based m a t e r i a l s  
(12 types)  
Aluminum - 5052 

Aluminum - 2014 '1'6 

Condit ional ly Acceptable 

Mg-Li Alloy - CA91 
Seal-Rite  
DC-33 

Unacceptable 

Nylon (twine)** 
Buna-N';"* 
Rectorsea l  15- 
Apiezon-M 
Cotton ( twine)  
Polyurethane Foam 
Polyethylene 
Styrofoam 
Ti-A-110 
Ti-6A1-4V 

No Fires/No. Tes ts  
AC LO Kg-M A t  5 Kg-M I n s e n s i t i v i t y  

No. - % % Level* (Kg-M) - 
~- ~ 

No. - 

0120 
0120 
0120 

1 1 2  
11 18 

1-3/20 
0118 
217 
1/10 
1/10 
215 
7/20 
7/20 

Over 10 

Over 10 

Over 10 

Over 10 

* - 0120 o r  1/60 leve l .  
$6: - Explosions have been a t t r i b u t e d  t o  t h e  use of these m a t e r i a l s  i n  LOX 

Propulsion/GSE sys terns. 
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TABLE 3. 
EFFECT OF NATURE OF IMPACTING SURFACES 

On Ti/LOX S e n s i t i v i t y  
A l l  samples o r  cups 1/16 inch  th i ck  - As  Received, deburred and degreased 

Ti-A-110 
A1-5052 
S. S t .  (301) 
Al-5052 
A1-5052 
A1-5052 
S. S t .  (301) 
S. S t .  (301) 

Composition 

Sample 

None 
5A1-2.5Sn T i  
5Al-2.5Sn T i  

None 
A1-2014-T6 
S t .  S t e e l  (301) 

None 
A1-2014-T6 

Pin - 
Ti-A-110 
S t .  S t e e l  (17.7PH) 
S t .  S t ee l  (17.7PH) 
S t .  S t e e l  (17.7PH) 
S t .  S t e e l  (17.7PH) 
S t .  S t e e l  (17.7PH) 
S t .  S t e e l  (17.7PH) 
S t .  S t e e l  (17.7PH) 

Resu l t s  
No. React ions1 

No T e s t s  
% React ion 
Frequency 
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TABLE 5. 
EFFECT OF LN2 DILUTION 

ON LOX IMPACT SENSITIVITY OF 
5Al-2.5Sn Titanium (0.063 in .  Thick) 

A l l  Samples "As Received" Deburred and Vapor Degreased , 
11/16 i n .  diam. d i s c s  

LN2 Di lu t ion  Resul ts  
( b j  weight) (No. ~ e a c t i o n s / N o .  T e s t s 1  

8 10 Kg-M 9 a - M  - - 7 6 
A 

5 
A 

3 - 1 - 

TABLE 6. 
EFFECT OF THICKNESS ON LOX IMPACT SENSITIVITY 

OF 5A1-2.5 Sn TITANIUM ALLOY 

A 1 1  samples tes ted  se  11/16 inch diameter  d i ace  in the  "As  Received" end hand 
deburred condit ion 

Thickness 10 Kg-M 5 Kg-M Repe t i t i ve  Impacting - 
Impact Energy Impact Energy Average No. of Drops 

No. Reactions Frequency No. Raactions Frequency t o  I g n i t e  a t  3 Kg-M 
( i n . )  No. Tr ies  % - - No. T r i e s  - % Impact Energy 
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TABLE 8. 
EFFECT OF WELDING ON LOX IMPACT SENSITIVITY OF TITANIUM 

Tested Area Of Number Of React ions 
Titaniurn Alloy 5A1-2.5Sn A t  Given Impact Energy 

Welded With 75A Rod 10 5 3 0.42 0 .28 
(Kg-M) (Kg-M) (Kg-M) (Kg-M) (Kg-M) 

Crown of Low Porosi ty Weld Bead 1 4 0 
Crown of High Porosi ty Weld Bead 3 1 0 
Area Adjacent t o  Weld 4 12 1 @ 
Parent Metal 11 3 1 0 

NOTE: A l l  Samples 1/16 inch  Thick (except  weld bead) 



Alloy - Thickness 

.O63 

TABLE 9. 
EFFECT OF DEBURRING 

No. ReactionsINo. Testa a t  X Kg-Z4 
Condition Deburred Not Deburred 

&A1 - 4V .063 Vacuum 
Annealed 

A s  Received 7/40 @ 10 12/20 @ 10 
112 @ 8.3 7/20 @ 5 
112 @ 8 1/20 @ 2 
213 @ 7.2 0120 @ 1 
2/60 @ 5 
0120 @ 2 

Electropolished 2/45 @ 10 2/23 @ 10 
Pr ior  t o  vacuum 2/20 @ 9.9 1/20 @ 9.2 
Annealing 0120 @ 9.2 4/20 @ 8.7 

1 / 2 0 @  8 .3  
0120 @ 8 

A s  Received 11/20 @ 10 12/20 @ 10 
3/20 @ 5 9/20 @ 8 
1/20 @ 3 7/20 @ 5 

. 1/20 @ 2 1/20 @ 2 
0120 @ 1 0120 @ 1 

A s  Received 15/36 @ 10 12/20 @ 10 
5/20 @ 7 5/20 @ 5 
2/20 @ 5 4/20 @ 3 
0120 @ 3 2/20 @ i 
0120 @ 2 1/20 @ 0.5 

A s  Received 2/40 @ 10 6/20 @ 10 
2/20 @ 5 1/20 @ 5 
0120 @ 4 1 / 2 0 @  4.5 
0120 @ 3 0120 @ 4 



TABLE 10. 
EFFECT OF HAM) POLISHING 
ON LOX IMPACT SENSITIVITY 

OF TITANIUM ALLOY 6A1 - 4V 

A l l  t e s t  specimens were 518 inch diameter discs  punched from 
0.063 inch sheet stock 

No. Reactions/No. Tests 

Impact Energy 
(&-MI 

Barrel Deburred 
Barrel Deburred and Hand Polished 



Alloy 

5Al - 2.5Sn 

TABLE 11. 
EFFECT OF ELECTROPOLISHING 

ON LOX IMPACT SENSITIVITY OF TITANIUM ALLOYS 

Thickness 

0.063 

0.063 

0.063 

0.063 

0.063 

Condition 

A s  Received 

W-HN03 Pickled 
before, and 
vacuum annealed 
a f t e r  polishing 

Vacuum annealedxl 

Vacuum annealed* 1 

Vacuum Annealed* 1 

No. Reactionc/No. Tests at X K p M  
Deburred 

~eburred Electropolished 

*' After Electropolish 



Alloy - Thickness 

6Al - 4V .063 

TABLE 12. 
EFFECT OF ANNEALING ON LOX 

IMPACT SENSITIVITY OF TITANIUM A L W S  

No. R.actionm/No. Teats a t  X _K-M 
Condition As Received Vacuum Annealed - 

Not 12/20 @ 10 1/20 @ 10 
Deburred 7/20 @ 5 2/20 @ 8 

1/20 @ 2 2/23 @ 6 
0120 @ 1 3/20 @ 5 

2/20 @ 3 
- 

Deburred 7/40 @ 10 4/20 @ 10 

Deburred 

Not 
Deburred 

Deburred 

Deburred 

Deburred 



TABLE 13. 
EFFECT OF PY.C.CKLING ON LOX SENSITIVITY OF TITANIUM ALLOYS 

AFTER VACUUM ANNEALING 

Condition 

Pickled 
Vacuum After 

A s  Received Annealed Vacuum Alloy Thickness 
inches 1 only I Annealing 

~ ~ - 

No. ReactionsfNo. Teets a t  X Ke-M 

Deburred 

Deburred 

hmm. Pure Deburred 

Not 
Deburred 

Deburred 



TABLE 14. 
EFFECT OF PASSWATION ON LOX X A C T  SENSITIVITY ) 

6A1-4V Titanium - 0.063 inch Thick 
Treated with 30% $02 for several hours (after degreasing and pickling) 

Impact Energy Untreated Passivated 
(Kg-M) No. ReactionslNo. Tests No. Reactions/No. Tests 



TABLE 15. 
PHOSPHATE COATED TITANIUM (5A1-2.5Sn) 

10 Kg-M Impact Energy 
O.Q63 inch Thick Samples 

Sample Treatment No. Reactionsi2G Tests 

Manganese Phosphate - 13 various treatments 
and modifications tried 

Iron Fhosphate - 4 types of treatment 2-8 

7 Other Ph~sphate Coatings - using NH4HF2, 
pyrophosphate, Na3P04, etc. combinations 



TABLE 16. 
EFFECT OF ANODIZING ON LOX IMPACT SENSITIVITY OF TITANIUM 

A l l  samples - 0.063 inch t h i c k  

5A1-2.5Sn Alloy - Reaults 

No. Reactions/No. T e s t s  No. Reactions/No. Tes t s  
Impact Energy (&-M) A s  Received Chromic Acid Anodized 

Impact Energy 
(Kg-M) 

6A1-4V Alloy - Resul ts  

No. Reactions/ No. Reac t i o n s l  
No. Tes ts  No. T e s t s  

As Received NaOH Anodized 

No. Reactions/ 
No. Tes t s  

Cyanide Anodized 
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Sample Impact Raaulta 
T i  2hickneaa Energy No. Reactfoaa/fio. Triea 

Alloy - (in. Coating - (R5-M) Uncoated - Coated 

0.063 Gold 

* Enamel Coating Developed for Titanium st MSFC 



TABU 19. 
IOX hlPACT SENSITIVITY OF ELECTROLBSS NICKEL PUTED - 5A1-2.5811 TITAANU AtlOP 

At 10 Kg-M Impact Energy Level 

f8mplss - As Received and Barrel Dmburrad Bdora Coati- 
Sample 

Thickness 
LiR.) 

0.063 

0.010 

Treatment Coating 
Time Thickness 
(min. ) (mils) No. ReactionsINo. Teats 3 Reactions 

0 0 12120 60 
2 <0.1 2/20 10 
3 0.1 2/80 2.5 
5 0.2 0140 0 
10 -- 0.4 0180 0-. 

. .- . 
0 0 281145 19 
2 <o. 1 2/20 10 
3 0.1 71100 7.0 
5 0.2 4/130 3.0 
10 0.4 ll108 0.9 



TABLE 20. 
IOX MPAm SENSITIVITY OP ELECTROLESS COPPER COATED - 5Al-2.5Sa T i - A W I  ( 1 )  

All samplea barrel deburred before coating by 
Shiplay Ptoce8a and te8tcd at 10 Kg-m impact 1eVd 

Sample Treatment Coating 
Thicknesa Time Thickness 

(in.) (min. 1 (mils) No. Reactions/No. Test6 3 Reactions 



TABLE 21. 
EFFECT OF REPETITIVE MPACTS ON 
ELBCTROLESS COATED SPECR4ENS 

All Testa by Repetitive Impacting at 7.1 Kg-M Impact on 5Al-2.5Sn Titaniu 

Samp lo 
Thickness Sample 

(in.) Condition 

0.063 No Coating 

Electroless Cu 
(90 min. ) 
0.2 mil 

0,010 No Coating 

Blectrolesa Ni 
0.4 mil 

No. of Drop 
That Fired %!& Averas* 

2,2,3,3, 2-3 3rd 
3,2,3,3,2 

Over 55, Over 55, 9-over 55 Over 38 
9, 37, 36 

5,5,8,3,5, 3-11 6th 
(11,75,5,5 
4.8.16 4-62 23rd 
16,29,62 

Electroless Cu 
(90 min.) 11.26.27.46 11-46 28 th 
>O.l mil 
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TABLE 25. 
RESONANT POINTS I N  VIBRATION T E S T S  

ON TITANIUM TANKS (.063" GAUGE) CONTAINING LOX 

T a n k  L o n v i t u d i n a l  A x i s  V e r t i c a l  

FREQUENCY TANK "A" ACCEL. G ' S  I TANK "B" ACCEL. G ' S  I TANK "C" ACCEL. G ' S  
(CPS) A 1  A 2  I A 1  I A2 I A 1  A?_ 

T a n k  L o n g i t u d i n a l  A x i s  H o r i z o n t a l  - 
ACCEL. G ' S  I TANK "C" ACCEL. G'S 

A2 I A 1  A 2  

TITANIUEI TANK ( . 0 1 O U  GAUGE) 

T a n k  L o n g i t u d i n a l  A x i s  V e r t i c a l  

b FREQUENCY TANK 1 ACCELERATION G ' S  I TANK 2 ACCELERATIONS G 
( C P S )  A 1  I A2 A1 I A 2  

--- 

T a n k  L o n g i t u d i n a l  Axis H o r i z o n t a l  

FREQUENCY TANK 1 ACCELERATION G ' S  I TANK 2 ACCELERATIONS G 

A 1  I A 2  

RESONANT POXhTS 

TITANIUM TANK ( . 0 1 O W  GAUGE) w i t h  2 "  STEEL CUBE 

T a n k  L o n g i t u d i n a l  Axis 
I I 

V e r t i c a l  H o r i z o n t a l  
FREQL'ESCY TANK ACCELEROMETERS G ' S  T 4 N K  ACCELEROMETERS G '  S 

( C P ~ )  A 1  I A 2  A 1  I A 2  



TABLE 26. 
FATIGUE TESTING OF TI-5A1-2.5Sn UNDER GOX PRESSURE 

Oxygen 
Material Pressure No. 

Thickness (in.) a - Tests - R 
No Reaction 
No Reaction 
No Reaction 
No Reaction 
No Reaction 

No Reaction 

1 Reaction 
5 Reactions 

No Reaction 
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TABLE 28. 
MISCELLANEOUS DIAPHRAM PUNCTURE TESTS 

GASEOUS PHASE 
118" Pointed Pin - 35-40 p a i s  O2 

Hk31 1100 30 1 Allpax 500 Titanium 
A 1  Magnesium - S.S. - Fluorolube 13V-llCr-3Al 

Thickness tin.) 0.063 0.006 0.012 0.063 0.025 

Temperature Room Room LOX LOX Room 

Results 1/20 *l 0/4 O f  10 015 416 *2 

*I 1 Faint Flash in  20 t r i a l s ,  2 a t  40 psig, and 9 each a t  60 and 100 psig. 

*2 3 Sustained burnings and 1 flash. 



TABLE 29.  
EFFECT OF P R E S S W  ON TITANIUM 
DIAPHRAM REACTIVITY ON PUNCTURE 

Using 1/8 in.  diam. pointed tool and 0.010 in. thick 5A1-2.5Sn 
Titanium, and gaseous oxygen at room temperature. 

REACl'IONS 
Pressure Total No. Sustained Results 

psig Tests Burning No. Flashes 



TABLE 30. 
EFFECT OF COATINGS ON PUNCTURE SENSITIVITY OF Ti/OZ 

A l l  Samples 5A1 2.5Sn Titanium 0.025 inch t h i c k  

Diaphram Punctures - I n t e r n a l l y  pressur ized  t o  
30-35 p s i g  and t e s t e d  i n  
gaseous phase, punctured 
with 118 i z c h  diameter poin ted  
rod. Coating Thickness - 
0.2 t o  0.3 mil per  side. 

RESULTS 

To ta l  
D SB F - - - No. Summary 

Ambient Temperature - 
No Coating 10 10 10110 
El .  Cu both s i d e s  1 
E l .  N i  both s i d e s  1 : } 212 

LOX Temperature - 

No Coating 2 1 1  4 414 
El. Cu both s i d e s  1 
El .  Cu one s ide  1 
El .  N i  both s i d e s  1 } 314 

2* 

* 2nd test punctured, b u t  sealed 
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TABLE 32. 
EFFECT OF LIQUID NITROGEN 

SUBSTITUTION FOR LOX 

On tliaphrem Punotrsre l i ~ n a i t i v i ~ ~  - I Ihinp TI.3Al 2,58n Attoy ,  l/8" 
diam. pointed puncturing tool Liquid Phase Punctures, 35 - 40 
psig internal pressure. 

Liquid Oxvgen 

Thiclri~ees Total No. 
In. - Det. - SB - F Tries Liquid Nitrogen 

0.010 4 6 1 12 0110 



Tank - 
1/16 inch  w a l l  

1/16 inch wa l l  wi th  
head mi l l ed  t o  0.025- 
0.032 inch t h i c k  

1/16 inch wa l l  with 
f l a t  0.025 inch head 

TABLE 33 
SUMMARY OF TANK PUNCTURE TESTS 

Containing LOX and GOX a t  35-40 p s i g  

Puncturing 5A1-2.5Sn 2014-T6 
Implement Titanium Titanium 

Bronze Fas t  Burn, t h e n  No React ion  
Jacketed Slug Detonation 
from M - 1  R i f l e  

118 inch Puncture s e a l e d  No React ion 
pointed rod Repressurized- 

Primacord- 
Unexplained 
explosion 

115 inch Fas t  Burn, t hen  
pointed rod Detonation ------------ 
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FIGURE 14. MODEL TEST TANKS (FOR LOX PUNCTURE TESTS) 
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FIGURE 16. "ROTAP" VIBRATION TEST TITANIUM TANKS 
(LOW FREQUENCY, HIGH AMPLITUDE) 
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FIGURE 18. ALUMINUM TANK FAILURE 
IN PRESSURE TEST-0.063 IN. WALL 
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LOX VENT 0.010" WALL TITANIUM TANKS @ 50 PSI 
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F I G U R E  21. A C O U S T l C  TEST SETUP ( T I T A N I U M  L O X  T A N K )  





TITANIUM SPECMEN 7 

FIGURE 23. DIRECT IMPINGEMENT OF HYDROGEN/AIR FLAME ON TITANIUM 



FIGURE 2 4 A .  L H p T I T A N I U M  TANK TEST 



FIGURE 24B. LH2-TITANIUM TANK TEST 
AFTER PUNCTURE AND H2 BURNING 



FIGURE 25. INTERIOR OF LH2-TITANIUM TANK AFTER 
PUNCTURE AND H2 BURNING 



FIGURE 26. TITANIUM VESSEL FAILURE 
AT 125 PSI6 02-0.010 IN. WALL 
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FIGURE 27. URNT" SPQTS OF FATIGUE 
ED SPECIMEN 
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F I G U R E  28. A P P A R A T U S  U S E D  F O R  S P A R K  S E N S I T I V I T Y  TESTS 
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FIGURE 29. TEST SETUP FOR EXTERNAL GAS PHASE PUNCTURES a I 





ORIGINAL SPECIMEN N O  COATING 
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FIGURE 31. TYPICAL APPEARANCE OF TITANIUM DIAPHRAMS 
AFTER PUNCTURE TESTS 
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FIGURE 32.  TYPIC L APPEARANCE QF ALUMINUM AND 
STAINLESS STEEL DIAPHRAMS AFTER PUNCTURE 
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FIGURE 35.  RE NlUM TANK AFTER PUNCTURE 
(CON TAlNED LOX PRESSURIZED TO 35-50 PSIG, 

PUNCTURED WITH 1/8" PIN) 
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